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Simplified Path diagrams showing the relationshif 
between the principal components and variables for 
pine (Pinus banksiana Lamb.) throughfall ata 
control site and a site exposed to sulphur dioxide 
Simplified Path diagrams showing the relationship 


between the principal components and variables for 
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Aspen (Populus tremuloides Michx.) stemflow at a 
control site and a site exposed to sulphur dioxide 
Simplified Path diagrams showing the relationship 


between the principal components and variables for 


pine (Pinus banksiana Lamb.) stemflow at a control 


site and a site exposed tc sulphur dioxide .eecosase 


The variation in sulphate sulphur and acidity of 
jack pine (P. banksiana Lamb.) stemflow with 


increasing distance from a sulphur dioxide 
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Simple model illustrating the relationship between 


atmospheric sulphur emissions and macroelement 


flux in two forest ECOSYSTEMS sessecscaasccecscscceces 
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ABSTRACT 


In the summers of 1976 and 1977 several field plots 
were established in northeastern Alberta to determine the 
distribution of rainfall under stands of trembling aspen 


(Populus tremuloides Michx.), jack pine (Pinus banksiana 


Lamb.) and black spruce (Picea mariana Mill. (B.S.P)). The 


relative amounts of Na, K, Ca, Mg and S returned to the 
soil, and recycled from trees to soil, in throughfall, 
stemflow and Jlitterfall were determined for the three 
species. In addition, the effect of sulphur emissions from 
an oil sands extraction plant on nutrient return in 


throughfall and stemflow was investigated. 


The amount of net precipitation (expressed as a 
percentage of incident rain) reaching the forest floor under 
trembling aspen, jack pine and black spruce was 91%, 85% and 
76% respectively. Throughfall averaged about 84-85% of 
incident precipitation for both trembling aspen and jack 
pine and about 76% for black spruce. Stemflow averaged 7-8% 
of incident precipitation in trembling aspen, about 0.2-0.4% 


in jack pine, and less than 0.1% in black spruce. 


The jack pine forest floor recieved a total of 8 kg/ha 
of Ca, 7 kg/ha of Mg, 3 kg/ha of K, 2 kg/ha of S and 1 kg/ha 
of Na over the summer period. The trembling aspen forest 
floor received 44 kg/ha of Ca, 30 kg/ha of Mg, 13 kg/ha of 
K, 4 kg/ha of S and 1 kg/ha of Na. Corresponding values for 
black spruce were 9 kg/ha of Ca, 6 kg/ha of Mg, 4 kg/ha of K 
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and 0.4 kg/ha of Na. For all three species litterfall was 
the most important means of addition of Ca and Mg to the 
forest floor (53-91% of the total depending on the species) 
over the summer period. Trembling aspen litterfall supplied 
about 50% of the Na and 71% of the K te the forest floor. 
Throughfall added most of the K for both jack pine and black 
spruce (70%), about twice that added in litterfall. The 
trembling aspen canopy absorbed sodium from incident rain 
resulting in low amounts in throughfall and stemflow. Almost 
all the sodium reaching the forest floor in jack pine and 
black spruce was via throughfall, and was largely derived 
from incident precipitation. Stemflow added little (1-4% of 


the total) nutrients to the soil. 


The acidity of rain decreased as it passed through the 
canopy of trembling aspen whereas rainfall acidity increased 
as it passed through the canopy of jack pine. The acidity of 
jack pine throughfall and stemflow increased at sites 
exposed to sulphur dioxide as compared tc control sites. 
Throughfall decreased in pH by about 0.3 units and stemflow 
decreased by about 0.8 to 1.1 pH units. The amounts of 
sulphur deposited in net precipitation (throughfall plus 
stemflow) beneath trembling aspen and jack fine was greater 
at sites close to the emission source as compared to remote 
control sites. The hydrogen ion concentrations in jack pine 
throughfall and stemflow were highly correlated with 
sulphate sulphur concentrations at sites close to tne 
emission source but poorly correlated at the control sites. 
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For both jack pine and trembling aspen, larger quantities of 
the cations K+, Catt and Mg++ were removed from the canopies 
at the site exposed to sulphur dioxide compared to the 


control sites. 
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12 INTRODUCTON 


In the past few decades serious environmental problems 
have become apparent with increasing emissions of 
atmospheric sulphur dioxide (Anon 1972). On a global scale 
anthropogenic emissions of sulphur compounds are estimated 
- to be 70 x 106 tons S/year (Eriksson 1963, Kellogg et al. 
1972) with approximately an equivalent amount arising from 
natural emissions. Canada has about 5 per cent of the world 
total anthropogenic emissions (Katz 1977) while 0.23 million 
tonnes per year (or approximately 0.4 per cent of the worid 


total) are emitted in Alberta (Tollefsen 1972). 


The main sources of anthropogenic sulphur in Canada are 
the smelting of sulphide ores and fossil fuel combustion 
(Summers and Whelpdale 1976). In Alberta, the main source of 
sulphur oxides is the processing of natural gas (Summers and 
Whelpdale 1976). Sulphur dioxide is a primary air pollutant 
as well as a primary toxicant. Low doses of sulphur dioxide 
may be harmless or even beneficial since sulphur is an 
essential plant nutrient. However, an increased uptake of 
sulphur dioxide by vegetation may cause more and more 
changes in the system, first reversible, later irreversible, 
until breakdown of the system occurs (Knabe 1976). The 
effect of sulphur dioxide on ecosystems has frequently been 
described in terms of zoned patterns of environmental stress 


around a point source (Gordon and Gorham 1963). 


Sulphur dioxide may be oxidized and hydrolyzed by a 
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series of complex atmospheric reactions to form sulphuric 
acid which may cause precipitation to be acidic (Brosset 
1973). A trend towards increased acidity of precipitation 
has been found in the heavily industrialized regions of the 
world, namely northwestern Europe and the northeastern 


United States. 


Distilled water in equilibrium with atmospheric carbon 
dioxide has a pH of 5.7 since carbon dioxide combines with 
water to form carkonic acid. This pH value may be regarded 
as the neutral peint for rainwater (Barrett and Brodin 
1955). In some parts of Scandinavia acidity of rain has 
increased by more than 200 fold since 1956 (Oden 1968) with 
pH values as low as 2.8 being recorded (Likens et al. 1972). 
Currently the pH of precipitation in much of the 
northwestern United States averages annually between 4.0 and 
4.2 and for southwestern Norway below 4.3 (Overrein 1977). 
Slightly acid precipitation has been reported in regions 
downwind of gas processing plants in central Alberta (Walker 


1969, Summers and Hitchon 1973). 


Recent Jaboratory experiments have demonstrated that 
increased acidity of artificial rain and mists can increase 
the leaching of inorganic and organic compounds from foliage 
(Good and Bcecrmann 1975), accelerate cuticular erosion of 
leaves (Shriner 1976), and produce leaf damage when the pH 
values fall below 3.5 (Wood and Bormann 1975). These results 


suggest that acid precipitation may be accelerating foliar 
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leaching of nutrients from exposed forest trees. 


Odum (1971) has stated: 
"The rates of exchange or transfers from one place to 
another are more important in determining the structure and 
function of an ecosystem than the amounts present at any one 
time in any one place. To understand and thereby control 


man*s role in the cycles of materials, cycling rates as well 
as standing states must be quantitated, "! 


In addition, intrasystem nutrient cycling mechanisms in 
forests constitute a nutrient conserving system in which the 
major transfer processes are critical for the system to be 
Maintained. If acid rain is increasing the rate of transfer 
of nutrients from forest to soil then it is affecting the 
entire nutrient cycling mechanism of affected forest 
ecosystems. Such a disruption could lead to a reduction in 
forest productivity. Indeed reduction in forest production 
by acidity of rain has been suggested (Engstrom et al. 


1971). 


Because of the complexity of forest ecosystems, it is 
not always possible to extrapolate laboratory results to 
field conditions. The few field investigations to date on 
the influence of sulphur emissions on nutrient cycling have 
not used a control area with which to compare foliar 
leaching data frem polluted areas (eg. Cole and Johnson 
1977, McColl and Bush 1978). This study was therefore 
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1 Odum, EePe, 1971. Fundamentals of Ecology 3rd Ed. W.B. 
Saunders Co. pg 93. 
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initiated to obtain accurate field information on the 
influence of sulphur emissions on the return phase of 
hutrient cycling of three boreal forest ecosystems. The 
sites were located in an area of northern Alberta where 
there was only a single emission source. This enabled data 
from plots distant from the emission source (> 100 km) to be 
compared to plots located in the vicinity of the emission 
source, In addition, there is limited information on 
nutrient cycling in boreal forest ecosystems (Foster and 
Morrison 1976). As forest management practices become more 
intensive in Canada the need for studying nutrient cycling 
and site fertility will increase. Such information is 
particularly important in enabling efficient use of 
fertilizers. The objectives of this investigation were 


therefore: 


1 To compare the chemical composition of throughfall, 
stemflow and litterfall of trembling aspen (Populus 


tremuloides Michx.), jack pine (Pinus banksiana Lamb.) 
and black spruce (Picea mariana (Mill.) B.S.P.). This 
would provide information on the amounts of nutrients 
returned to the soil and the amounts of nutrients 


recycled from vegetation to soil in throughfall, 


stemflow and litterfall. 


2 To determine whether sulphur emissions are causing an 


increase in the foliar leaching rates of these same 
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species and to evaluate differences, if any, of this 


effect between species. 
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2e LITERATURE REVIEW 


2.1 NUTRIENT INPUTS 


Atmospheric deposition has received increasing 
attention aS an input to nutrient budgets of ecosystems 
(Ingham 1950, Junge and Werby 1958, and Tamm 1959). In 
coastal areas, windblown salt aerosols are a significant 
input to mineral cycles (Clayton 1972). Etherington({ 1967) 
concluded that salt spray provided an adequate supply of 
micronutrients for several plant associations on sandy, 


nutrient deficient soils in Wales. 


Aerosols may also be of terrestrial origin. Smith ee 
ale (1970) provided extensive data on dust deposition in the 
UeS. in relation to geography, climate and cultivation 
pattern. Winkler(1970) stated that terrestrial dust makes up 
the bulk of atmospheric dust and may reflect the soil 
composition of areas up to 150 miles away. Local effects of 
dustfall from an unpaved road may also be an important 
source of nutrients for forest ecosystems (Tama and 
Troedsson 15 355)%6 Aerosols may also be derived from 
industrial processes such as the burning cf fossil fuels 
(Dovland et al. 1976). These aerosols may settle on the 
vegetation and be subsequently washed off by rain (Brosset 
1976). This process, therefore, represents an addition of 
nutrients to the soil through the existence of the plant as 


a physical structure. 
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Atmospheric aerosols may act as condensation nuclei and 
be removed from the atmosphere by falling raindrops (Junge 
and Gustafson 1957). Winkler (1976) has stated that dust 
from glacial till found on construction sites and flood 
plains is quite reactive with acids in precipitation despite 
its brief contact between the cloud base and the surface of 
the terraine Sumi et al. (1959) described gypsum as the 
chief water soluble component of the atmosphere of almost 
all industrialized areas and this may explain the freguent 
high calcium content of the rain in these regions. Indeed, 
Barret and Brodin (1955) implicated a large cement factory 
in southwest Sweden as the cause of an unusually high pH and 
calcium content of precipitation in that region. Dust has 
been used to explain in part regional and seasonal 
Variations in the nutrient content of rainwater (Winkler 


1976) « 


A low but not negligible amount cf nutrients may be 
added to the soil in rainwater. Madgwick and Ovington (1959) 
showed that the amounts of sodium, potassium, calcium, and 
Magnesium contained in precipitation was equivalent to or 
greater than the permanent annual incorporation of nutrients 
in the thirteen different forests they analysed. Paivenen 
(1974) calculated that gross rainfall weould replace the 
amounts of potassium, phosphorus and nitrogen removed by 
harvesting scots pine (Pinus sylvestris) in 6.3, 13-7 and 


9.5 years respectively. 
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The chemical composition of rainwater has been reviewed 
by Eriksson (1952) and Junge and Werby (1958). The 
concentration of most ions in rain generally decreases as 
the duration of a particular shower increases, indicating 
the presence of a limited quantity of ions in the lower 
atmosphere at a given time (Tamm 1959, Attiwill 1966). For 
long periods of rainfall sampling, however, variation in the 
quantity of ions in the lower atmosphere during each period 
may decrease. Since total accession of an ion per unit area 
is the product of concentration of the ion and the amount of 
rain per unit area, the total accession must increase as the 
amount of rain during a given period increases (rainfall 
intensity). The relationship of concentration of ions in 
rain to rainfall intensity must therefore be curvilinear 


(Madgwick and Ovington 1954, Attiwill 1966). 


The chemistry cf precipitation varies greatly from area 
to area depending on the origin of air masses. Ratios of 
ionic concentrations in rainwater have been shown to be 
related to the origin of the air masses (Eriksson 1952). 
Generally it has been assumed that sea spray farticles serve 
as the principal nuclei for water vapour condensations 
(Junge and Gustafsen 1957). Therefore, the ratios of the 
concentrations of sodium, the most abundant ion in sea 
water, to the concentrations of the other ions have 
frequently been used to interpret the geographical 
distribution of ions in rainwater (Carlilse et al. 1966). In 


Australia, Hutton and Leslie (1958) showed that sodium: 
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potassium and sodium: calcium ratios decreased from values 
approaching those in sea water with increasing distance from 
the ocean and in some inland sites calcium became the 
dominant cation. Calcium was reported as the dominant cation 
for cain in Utah (Hart and Parent 1974), northern Minnesota 
(Comerford and White 1976) and at Hubbard Brook, New 
Hampshire (Eaton et al., 1973). This reflects the 
continental origin of air masses affecting these regions. 
The calcium: magnesiu® ratio is often used as an indication 
of air-borne chemicals (Eriksson, 1952). Precipitation from 
air masses directly off the ocean generally has a calciun: 
magnesium ratio approaching that of sea water whereas 
continental precipitation generally has a much higher ratio. 


(Eaton et al. 1973) 


a DISTRIBUTION OF PRECIPITATION UNDER FOREST 


STANDS 


The nutrient cycle is strengly coupled with the 
hydrologic cycle so it is necessary to investigate the 
latter when studying the former. The distribution of 
rainfall under a forest canopy is affected by tree species, 
size and form of the tree and meteorological factors such as 
storm size and intensity and wind velocity (Ovington 1954, 
Voigt 1960, Geiger 1965). The earlier literature has been 
Summarized by Kittredge (1948), and Zinke (1967). Helvwey and 
Patric (1965) provided a summary of investigations carried 


out in the U.S. 
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Voigt (1960) investigated the distribution of water 
beneath red pine (Pinus resinosa), eastern hemlock (Tsuga 


canadensis) and American beech (Fagus grandifolia). He 
Showed stemflow was a particularly important component of 
the water budget of forest stands and that differences 
between tree species were related to bark texture. Stemflow 
volume was shown to bear a linear relaticnship with the 
Square of dbh in a Scots pine stand (Rutter 1963) and for a 
given-sized storm, stemflow volume increased with the basal 
area. A Similar relationship was shown by Pressland (1973). 
Pressland also showed that stemflow and interception were 
positively correlated with precipitation while negative 
relationships were found between tree size and throughfall 
and stemflow for various classes of precipitation events. 
Kittredge et ale (1941) found that stemflow was not 
apparentiy related to crown-length density, tree height, 
basal area ocr crown area, but tended to increase with excess 


or deficit of tree height as compared with adjacent trees. 


Jackson and Aldridge (1973) found that throughfall, 
stemflow, net rainfall, and interception lcss were each 
highly correlated with gross rainfall for two stands of 


Kamahi (Weinmannia 


Lacemosa) in New Zealand. Orr (1972) also 
found that gress precipitation was the primary controlling 
Variable in both throughfall and stemflow. He found however 
that canopy density did account for a portion of the 
throughfall variation and similarly dbh for stemflow. A 


combination of these two relationships yielded an equation 
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for net rainfall. Clements (1970) found the relationship of 
stemflow to gross rainfall for Jlargetooth aspen (Populus 
gcandidentata) was closely related to that developed by 
White and Carlilse (1968) for some other hardwood species, 
and his throughfall equation was in very gocd agreement to 
that developed by Helvey and Patric (1965) from 12 combined 


throughfall equations for various hardwood species. 


The amount of precipitation intercepted by forest 
Canopies has been investigated by various researchers 
(Kittredge et al. 1941, Orr 1972, Jackson and Aldridge 1973, 
Szabo 1975). Zinke (1967) recorded 0.25-9.15 mm interception 
storage capacity values with conifers having higher values 
than deciduous species, in general. The statistical aspects 
of throughfall and stemflow sampiing have been the subjects 


of papers by Reynclds and Leyton (1963) and Kimmins (1970). 


As early as 1805, De Saussure noted that water in 
contact with leaves contained alkaline salts. Wehmer (1892) 
noted that when plants were subjected to rain, substances 
were given off from the plants. Le Clerc and Brazeale (1908) 
performed experiments that showed living plants lost part of 
their salts when washed with rain. Similar experiments 
performed by Guilbert, Mead and Jackson (1931), Mes (1954) 
and Dalbro (1957) demonstrated that rainfall may remove 


considerable quantities of nutrient elements from the 
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foliage of horticultural plants. Dew was also found to 
remove salts from plants. Phyllis and Mason (1942) showed 
that dew collected ‘from cotton plants contained potassium 


and calciun. 


Similarly, studies of the elemental content of 
precipitaticn under forest stands (Tamm 1951, Madgwick and 
Ovington 1959, Wili 1959, Voigt 1960) demcnstrated that 
Cainwater which has passed through tree crowns contains 
higher quantities of nutrient elements than incident 


rainfall. 


A number of researchers has recognized the possibility 
that aeorsols and dust may adhere to the leaves, branches 
and stems and may be subsequently washed off in the rain and 
hence contribute to the chemical composition of throughfail 
and stemflow (Eriksson 1955, Cariilse et al. 1967, 
Duvigneaud and Denaeyer-DeSmet 1964). Hart and Parent 1974 
suggested that dry fallout of dust in some rain free periods 
was responsible fcr high nutrient values of throughfali 
under Douglas fir (Pseudotsuga menziesii var. glauca) and 
Rocky Mountain Juniper (Juniperus scopulorum) in northern 
Utah. Nihlgard (1970) suggested that some of the magnesiun, 
sodium, calcium and chloride in throughfall cculd have been 
derived from aerosols while potassium and manganese must 
have been derived from leaching in beech (Fagus syivatica) 
and spruce (Picea abies) forests in Sweden. It has been 


suggested (Henderson et al. 1977) that differences in net 
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removal among different forest types may reflect 
differential trapping of particulates and aerosols by 
cre tree species. Attiwill (1966) demonstrated that the 
alteration of the chemical composition of rainwater by a 
Eucalyptus forest was largely due to foliar leaching. 
Leaching has been shown to be widespread in nature and 
nutrients have been leached from all of the 140 species so 
far investigated (Tukey et al. 1965). Minerals leached from 
foliage include both major and minor inorganic minerals as 
well as carbohydrates, amino acids and at least fifteen 


Organic acids (Mecklenburg et al. 1966). 


The amounts of elements leached from tropical trees are 
greater than for forests in temperate regions and represent 
a greater propcrtion of the mineral flux (Rodin and 
Brazilevich 1967). This is probably due to the high rainfall 
and the fact that tropical trees are evergreen and have a 


high leaf area index (Bernhard-Reversat 1975). 


The degree to which nutrients are leached from tree 
crowns is also dependent on the tree species (Madgwick and 
Ovington 1959, Eaton et al. 1973, Henderson et al. 1977). 
Similar differences were noted by Tukey et ale (1958) in 
Various vegetable crops. These differences are dependent on 
the nutrient being considered. For example, Henderson et al. 
(1977) observed no differences in the nitrogen and 
phosphorus contents of throughfall of four forest types 


presumably because these elements are primarily present in 
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organically bcund form and are less available for leaching. 
Differences in nutrient content of throughfall between 
Species can only be partially explained by foliar 
concentration differences. (Eaton et al. 1973, Henderson et 


al. 1977) 


In general, deciduous trees lose more nutrients than 
conifers during the growing season but in the winter the 
reverse is true (Madgwick and Ovington 1959, Henderson et al 
e 1977). On the other hand, Nihlgard (1970) found that 
despite 20 percent iess throughfall under spruce, the 
amounts of nutrients in spruce throughfall were two tc three 
times greater than for beech over the summer. On an annual 
basis the quantities of potassium, calcium and mnagnesiun 
were greater for a mixed hardwood stand than for a natural 


loblolly pine stand (Wells et al. 1972). 


A number of researchers has noted a seasonal variation 
in the quantities of nutrients removed from the forest 
canopy by precipitation (Abee and Lavender 1972, Will 1959). 
Denaeyer-DeSmet (1966)found that beech (Fagus sylvatica) 
leaves lost much higher levels of potassium after they had 
become ccloured in the fall. Eaton et al. (1973) found that 
calcium and magnesium concentrations were relatively 
constant during the summer, then reached their maximum just 
prior to leaf senescence. Potassium and chloride reached 


their maxima after leaf senescence, High throughfail 


concentrations of magnesium and calcium after senescence 
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were alsc noted by Reiners (1972) for Quercus 


cubrum, and Ulmus americana, and by Miller (1963) for 


mountain beech (Nothofagus truncata). 


Foster (1974) found that leaf wash was the most 
important source of potassium additions tc the soil ina 
jack pine stand in Ontario. The quantities of nitrogen, 
phosphorus, calcium and magnesium in throughfall were lower 
than potassium and were derived primarily from precipitation 
entering the ecosystem. Greater quantities of potassium in 
throughfall than in litterfali have also been reported in 
Douglas-fir (Pseudotsuga menziesii) (Cole et al. 1967), 
radiata pine (Pinus radiata) (Will 1959), and Pacific silver 
fir (Abies amabilis) (Turner and Singer 1976). Greater 
amounts of potassium and magnesium in throughfali than in 
litterfall were reported in Douglas-fir (Abee and Lavender 
1972) and sessile oak (Quercus petraea) (Carlilse et al. 


1967). 


Tukey et al. (1958) found that the relative 
leachability cf radioisotopes from the leaves of young 
Squash and kean plants was Na>Mn>Cu>Mg>S>K>Cl. Potassium 
which was leached at a moderate rate from young leaves was 
the most readily leached nutrient from mature leaves. 
Zamierowski and McCloskey (1975) also found that potassium 
was the only element lost by both young and mature leaves of 


the three tree species (Podocarpus gracilior, Podocarpus 


i " a t ie iu ae i o aL 1 eas a eS Rate 
Y ; wy : i 1 uy Hi } 
fal I Whaat plain i , pes! wer pe ¢) 
i] } ; : i itt IR a 
7 : ry hj My ae , Lan Hie 
i : BW) RNY COR Te irae : ies ‘i 
: boyy i , 


aaa ‘gem ager events 
ae even: salt, te } 


rada aie “ase day teed “tsd4 a) ‘ 
gi Lick onto? avert “autenntog 30) 


oft YO 19 Le to aotthimsap eat | 

aavol e29¥) Histdyoonds ob apiaonpse San | ‘ 
oak se ILgiooe ty: word yhincanagy bev tab) enw fe bs mi in, 

© ook apimestiog to, sols bIngisp 3998620) Tebveveons sis pataesae | a 


Ak, herr0qow reed, OGLE: even Siskaoath aie ands Lisidquoads eth ad Sil 
vitae! odo 2a of00) » Lhieeksnem epgezobugada. 212 -cespuod ogres oo 
tevtte ob tdnes baw «128, {ibm} (emedbas avenge, @akq soatbex ’ 
tageegD «(Ter | Zep ALe,, Bae ase) meer a pein) whe. mine 7 
at eye LLardpvords ink aaieoagse bas euieess oq to agnuoms a 
xobaoved Date oedh)’ ni t-estpwed ak  baiapos anew Harswosts opted ; 
ard sathixo) taenden | Bs at i 


t60 bora nih th ac bld 
iv 1 | op ee 
we fTORT. 


lati 7 ‘ ‘| ie Cn ee x oot Ht tye Nik mM 


ay itetos aa te Ballo “areny: oe tay sc ry 
aerr to" soxunly) aia \ wom | , utils 


aed - 


16 


Milaniranus and Qlea africana) they investigated. Losses of 
magnesium and manganese were greater for young leaves of all 
Species. Attiwill (1966) found the order of leaching from 
the canopy cof Eucalyptus (Eucalyptus obligua) forests to be 
Na>K>Ca>Mg while Miller (1963) found the order frem mountain 
beech in New Zealand to be Cl>Na>K>Ca>Mg. This is consistent 
With the pattern of enrichment of throughfall and stemflow 
With bases of K>Ca>Mg reported by many authors (Tamm 1951, 
Madgwick and Ovington 1959, Carlilse et al. 1967, Foster 
1974, Henderson et al. 1977). However Eaton et ale (1973) 
found the order of importance of leaching to be 
Na>S>K>Mg>Ca>N>P for a hardwood canopy at Hubbard Brook 
while Gosz et al. (1975) reported that sodium was very 
difficult to leach from detached leaves of northern hardwood 
species. Nihlgard (1970) found the ratio between nutrient 
concentrations in throughfall plus stemflow and nutrient 
concentrations in incident rainfall for beech (F. Sylvatica) 


forest was Mn>>K>>Mg>Cl>Ca>Na>S>P>N and the corresponding 


ratio for spruce (2. bies) forest was 


Mn>>K>>P>S>Mg>Ca>Cl>Na>Ne In general, the order of leaching 
of bases from trees appears to be K>Ca>Mg but there are 


numerous exceptions to this order. 


203.1 


Stenlid (1958) in his survey of many leading 
experiments with individual (often detached) leaves 


concluded that potassium is leached more readily than other 
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cations. Carlisle et al. (1967) noted that the less nobile 
bivalent calcium and magnesium were removed in smaller 
quantities than the more mobile monovalent bases (potassium 
and sodium). Pctassium which occurs in an inorganic form in 
the plant, can be readily removed by water, whereas calcium 
which occurs as insoluble pectates in the cell wall, and 
Magnesium, which is a mobile element in the plant anda 
constituent of chlorophyll, are leached to a lesser degree 
(Foster 1974). Tukey et als (1958) showed that mineral 
nutrient~deficient or otherwise unhealthy plants were more 
susceptible te leaching than were healthy plants. It appears 
that the physiological status of the element in the leaf and 


the physical condition of the leaf are factors in 


determining the rate of removai of an element by leaching. 


Lausberg (1935) found that over extended periods of 
leaching, losses could amount to several times the amount of 
Nutrients found in the leaf. D'Souza (1974) also found a 
greater ioss of *5Ca, 89Sr and 226Ru from leaves of intact 
plants than from excised leaves. Tukey et ale (1958) 
demonstrated that as nutrients are leached from the leaves 
they are replaced by translocation from the stems and roots. 
Mecklenberg and Tukey (1964) showed that the rate of root 
uptake and translocation of *5Ca to bean stems and foliage 
was greater per gram dry weight in plants which were leached 
than in plants which were not leached. Up to 40 per cent of 


the *8Ca absorbed and translocated during the leaching 


period was leached from the foliage. They suggested that the 
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pathway of calcium translocation and the foliar leaching of 


calcium were closely related. 


Mecklenberg et al. (1966) showed that plant energy 
level had iittle influence on leaching losses of *5Ca and 
87Rb, Supporting the hypothesis that leaching is primarily a 
passive process, They also showed that the most recently 
absorbed *5Ca was the most easily leached suggesting that 
the caicium that is translocated within the plant is the 


major source of leached calciun, 


To determine the exact source of the leached calcium 
they measured the specific activity of *SCa (ratio of ‘*5Ca 
to total calcium) in various calcium fractions within the 
plant and computed the change in specific activity of the 
leachate over time with the change in specific activity of 
the fractions. They found that the entire exchangeable 
calcium pooi of the plant is the primary source of leached 
calcium, and very little if any leached calcium is derived 
from within the cells themseives or from nonexchangeable 
forms of calcium. Similarily D'Souza (1974) indicated that 
calcium ions leached from bean leaves were largely derived 


from the exchangeable fraction. 


On the basis of these results Mecklenberg et al. (1966) 
proposed the fcllowing hypothesis to explain the foliar 
leaching of calcium: 

"Cations such as calcium may be swept upward in the 


transpiration stream in the stem to the leaves, involving in 
part exchange reactions in this process. The subsequent 
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distribution of calcium within the leaf and sovement through 
the cuticle is also an exchange phencmenon involving 
exchange sites on the cell walls and on the pectinaceous 
materials which penetrate the cuticle"! 


This is substantiated by the work of Yamada et al. 
(1964) who emphasized the importance of cations in the 
movement of ions through the cuticle. Keppel (1967) ias 
demonstrated the ion exchange capacity of the leaf cuticle 
of potatc, sugar beet and barley seedlings, The exchange 
activity of the ions was found to be dependent on their 
hydration and valency. Differences in plant habit, spacial 
orientation of the leaves, and their morphological state and 


ability to retain drops of fog, rain and dew did not 


influence the exchange capacity. 


Calcium is leached from the leaf by either exchange of 
calcium on the cuticle and ceil wall exchange sites by 
hydrogen from the leaching solutions, by diffusion of ions 
from the translocation stream within the foliage into the 
leaching solution, or by a combination of both exchange and 
diffusion (Mecklenberg et al. 1966). This hypcthesis is also 
applicable to other cations such as potassium, rubidium and 
strontium. The leaching of 32P and 35S, however, were not 
affected by experimental treatments to the same degree as 
cations suggesting that a different mechanism of leaching is 


involved for these nutrients (Tukey et al. 1965). 


1 Mecklenburg, R.A., Tukey, A.B. Jre, and Morgan J.V. 1966. 
A mechanism for the leaching of calcium from foliage. Plant 
Physiol. 41. pgs 613. 
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It is important to note that Franke (1964) demonstrated 
the presence of regular systems of pathways in the outer 
cells of the epidermis (ectodesmata) which may also function 
in the exchange of material between the interior and 
exterior of the leaf. Guttation (secreticn of salts) from 
plant hydathodes has been noted as the cause cf heavy salt 
deposits on the leaves of cauliflower (Tukey and Morgan 
1962) and recently fertilized lawn grass (Curtis 1944). This 
process 1s most commonly associated with halophytic plants 


(Stenlid 1958). 


On the basis of the exchange hypothesis, the volume of 
leaching solutions need only be sufficient to wet the leaf 
surface. Any additional volume would increase the exchange 
only siightly. This substantiates reports by Attiwill (1966) 
and Tamm (1958) that the efficiency of leaching is greatest 
during the first hours after wetting and that efficiency of 
leaching is greater for dew and light rain of long duration 
than for heavy rains of short duration. Also during rain the 
film of water on the leaf surface in corstantly renewed. 
Uptake of nutrients by the leaves could not occur if the 
substances were not adsorbed in the short time of contact 
with the leaf (Keppel 1967). The hypothesis of cation 
exchange is also consistent with the observation that 
considerable quantities of radionuclides are taken up by 
plants through the ieaf surface (D'Souza 1974) and the well 


known fact that plants may be efficiently fed with necessary 
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elements by spraying with dilute solutions (Boynton 1954, 


TALETE WIT 2). 


As the ion-exchange reactions which take place on the 
leaf surface need the presence of water, the ions concerned 
with these processes are hydrated. The cations can therefore 
be arranged in order of the exchange strengths which is 
dependent on the ratio of the charge to hydrated ionic 
radius (Keppel 1967). Such a series is known as a lyotropic 
or Hofmeiser series (Blasius 1958). Keppel (1967) showed for 
Sugar beet foliage the order; H>Ca>Cs>K>Na suggesting that 
hydrogen ions are bound the strongest. This explains his 
Observation that the adsorption of Cs in acid solution was 
reduced to a third from the exchange of Cs in neutral 
solution. Mecklenberg et al. (19656) proposed that water on 
the leaf surface dissolves CO2 from the air te form carbonic 
acid. The carbonic acid dissociates and the released 
hydrogen exchanges with cations on the cuticle exhange sites 
to form alkaline carbonates, which either remain in the 
leaching solution or are precipitated onto the leaf surface. 
This explains the observations of whitish accumulations of 
carbonates on the leaves of chrysanthemums growing ia the 
greenhouse (Morgan 1963) and the alkaline nature of 
leachates noted by Arens (1934). This also substantiates the 
conclusion of Greendale and Nye (1964) that bicarbonate was 
the primary anion in leachate from tropical trees. Cole and 
Johnson (1977) also observed that bicarbonate was the 


predominant anion in throughfall from a Douglas-fir 
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ecosyste fe 


Tukey et al. 


(1965) found that a greater amount of *5Ca 
Was leached from bean leaves in solutions of 0.21 M KH2P04 
than in 0.01 M KH2PO4 or distiiled water. The increased 
concentration of hydrogen ions in the kKH2PO4& solutions 
therefore increased the rate of exchange of calcium, Fairfax 
and Lepp (1975) showed that an increase in the acidity of 
the leaching sclution resulted in a significant (p<0.01) 
increase in the leaching of calcium frem tobacco leaves. 
There was, however, an increased retention of potassiun 
Which they could not explain. Wood and Bormann (1974) showed 
that increased acidity of an artificial mist caused an 
increase in the leaching of calcium, potassium and magnesium 
vuigaris var. pinto) and sugar 


maple (Acer saccharum). The nature of the leaching solution 
is therefore an important factor in the loss of cations and 
Mecklenberg (1964) found that cations in the leaching 
solution influence leaching of calcium in relation to their 
rate of replacement of calcium on the exchange sites. Keppel 
(1967) found that the exchange of cations by leaves was not 


only dependent on the type of cation in the exchange 


solution but also on its concentration. 


Tukey et al. (1958) showed that although very young 
leaves appear delicate and fragile they are less susceptible 
to leaching losses than older leaves. Leaching losses were 


greatest when leaves approached senescence. Tukey et ai 
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(1966) suggested that young, vigorously growing tissues 
accumulate calcium from exchange sites, thus reducing the 
amount of exchangeable calcium available for leaching. In 
addition, calcium is accumulated within the cells and is 
incorporated into calcium pectates of cell walls where it is 
not subject to leaching. In mature tissues, there is a 
reduced rate of cellular accumulation (due to slower growth) 
leaving more exchangeable cations for foliar leaching. 
However, if the leaves are damaged, nutrients may be leached 
easily, frem both young and mature tissues (Tukey et al. 
1958). Stenlid (1958) suggested that this may be due to 
increased permeability of the cytoplasm. According to 
Barinov and Ratner (1959) there is a time lag of several 
hours between the sorption of a substance on the ieaf 
surface and evidence of it in the interior of the leaf. This 
time lag is directly related to the thickness of the 
cuticle, Zamierowski and McCloskey (1975) noted that the 
youngest leaves cf trees used in their leaching experiments 
had a distinctly more hydrophobic cuticle. The leaves became 
more hydrophilic with maturity and especially during 
senescence. ‘They suggested that this fact, plus the greater 
cracking of the cuticle with age, could explain the greater 


leaching losses associated with senescent leaves. 


Thomas (1969) found more leaching of *5Ca from yellow 
senescent leaves than from green leaves and presumed this to 
result from increased leaf permeability due to breakdown of 


the cuticle. Fogg (1947) noted that changes in 
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Susceptibility to leaching were related to the wetting 
properties of the leaf. Steniid (1958) stated that salts are 
lost nore Tapidiy from leaves at high than at low 
temperatures and that the wetability of leaves increases 
With temperature. This is perhaps related to the influence 
of temperature on cuticular development (Skoss 1955) or due 


to increased evapo-transpiration (Eaton et al. 1973). 


2.4 NUTRIENT CONTENT OF LITTER 


A large number of researchers have investigated the 
amounts of nutrients in litter of different tree species. 
Alway and Zon (1930) summarized early investigations in 
central Europe and the U.S. and other reviews have been 
prepared by Blow (1955), Tarrant et ale (1951) and Scot 
(1955). More recently Bray and Gorham (1964) published a 
very comprehensive review of litter production in forests of 
the worid. There is, however, a paucity of information on 
the iitter production of boreai forest tree species, 
particuiarly for black spruce (Picea mariana), trembling 


aspen (Populus tremuloides) and jack pine (Pinus banksiana) 
and to my knowledge no such information is available for 
western Canada. AlwWay and Zon (1930) determined the 
nitrogen, calcium, phosphorus, potassium and sulphur content 
of jack pine litter at two sites in northern Minnesota. The 
macroelement content of jack pine litterfall was reported by 


Foster (1974) and Foster and Gessel (1972) for sites in 


northern Ontario. Coldwell and Delong (1950) investigated 
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the nutrient content of trembling aspen litter at Montreal 
while Remezov and Bykova (1953) and Sviridova (1960a) 
reported the nutrient content of litter from aspen (Populus 
tremula) stands at Voronezh, USSR. Bray and Dudkiewicz 
(1963) determined the standing crop of leaves on an annual 
basis for two aspen stands; one at Itasca, Minnesota and the 
other at Dorset, Ontario. Recently Van Cleve and Noonan 
(1975) reported data for trembling aspen and paper birch { 


Betula papyrifera) stands at Fairbanks, Alaska. 


== oe ee =e a ee = =p as 


Biack spruce litterfall has been reported as part of a 
fertilization and thinning study in northern Quebec (Weetman 
and Hartland (1963) and Mahendrappa and Ogden (1973) 
determined the nitrogen content of black spruce litter in 


central New Brunswick. 
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3. MATERIALS AND METHODS 


3.1 Description of the Study Area. 


The study area was located in the Fort McMurray region 
of northeastern Alberta between 569-579 N and 1119-112° W 
(Figure 1). It is part of the mixedwood section (B 18a) of 
the boreal forest region (Rowe 1972). The growing season, 
based on a 5°C index (42°F), lasts from the end of April to 
early October, an average of 165 days. The average annuai 
precipitation is 432 mm with 280 mm falling during the 


period from May tc September. 


The only sources of sulphur emissions in the study area 
were located at the Great Canadian 0il Sands Ltd. processing 
plant located at Tar Island about 70 km north of the town of 
Fort HcMurray (Figure 1 and Plate 1). At this plant there 
are two main sources of sulphur emissions. The power house 
stack is estimated to emit an average of 120 tonnes S/day 
and the incineratcr stack about 15 tonnes S/day. In addition 
there are two flares which are intermittant sources of 
smaller amounts of sulphur oxides (M. Strosher pers. comm. 


1978) .3 
Sag NUTRIENT CYCLING STUDY 


oe ee ee ee 


a MM. Strosher. Project manager, Pollution Control Division, 
Alberta Envircnment. 
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Location of the study area showing the various plot locations in 
relation to the emission source 4. Nutrient cycling study plots 
were located at Steepbank A (exposed site) and Algar (control 
site). Jack pine stemflow plots were located at Steepbank 3, 


Muskeg Mountain, Algar, and May. 


Figure 1 
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Plate 1. View of Great Canadian Oil Sands Ltd. extraction 


plant. The Athabasca River is on the right. 
house stack and the flare stack. 


Note the power 
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The tree species studied were trembling aspen (Populus 
tremuioides Michx.), jack pine (Pinus banksiana Lamb.) and 
black spruce (Picea mariana (Mill.) B.S.P.).- It should be 
noted that in the study area there is some hybridization 
between jack pine and lodgepole pine (Pinus ccntorta Dougl. 
Vare latifolia. Engelm.). Branch and cone samples from the 
jack pine sites used in this study were examined in the 
laboratory and it was concluded that the variability within 
Sites was ne greater than the variability between individual 


jack pine trees. The jack pine trees at each site exhibited 


predominantly jack pine characteristics. 


The three species were chosen because they are the 
predominant tree species in the region and because they 
represent three very different types with regard to tree 
form, bark texture and site preferences. They also differ in 
sensitivity tc sulphur dioxide with trembling aspen being 
regarded as the most sensitive of the three species (Linzon 
1972, Loman et al. 1972). Jack pine is regarded as _ being 
intermediate in sensitivity and black spruce as the least 


sensitive (SS. Malhotra pers. comms. 1978). 


Two study sites were chosen. The control site was in an 


2 $.S. Malhotra. Research scientist, Northern Forest 
Research Centre, Canadian Forest Service, Environment 
Canada, Edmontcn 
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area free from SO2 pollution. It was located about 100 ka 
SSW of the emissicn source (Figure 1.), at an elevation of 
781m. Average precipitation from May to September (eight 
year mean) recorded at the nearest forestry weather station 
(Algar) is 394 mm with the greatest amount occurring during 
July. The exposed site was in an area subject to S02 
poliution. It was located about 32 km SE of the emission 
source at an elevation of approximately 500 m. (Figure 1). 
The average (seven year mean) precipitation from May to 
September at the Gordon Lake weather station (488 mj) was 323 
MMe The greatest amount of precipitation occurred during 


July. 


Three plots were established at both the control and 
exposed sites, one for each species. It was not possible to 
have two plots for each species at both control and exposed 
Sites. Difficulty in locating similar stands, lack of time 
to establish these flots at the beginning of this study, and 
the prohibitive number of sample collectors that would be 
reguired precluded this more desirable experimental desiga. 
Each plot consisted of a nearly pure stand of each tree 
species. A description of the study plots is given in Tabie 
1. For jack pine and trembling aspen the control and exposed 
plots had similar tree heights and stand densities. Tike 
difference in the diameters of trees selected for stemflow 
gauges was significant but barely so (Student's t-test) for 
trembling aspen (p<0.05) and not significant for jack pine 


(p>0.05). The spruce plots were quite different in stand 
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density, tree heights and stem diameters. At both sites, 
plots were chosen to be as close together as possible. This 
minimized topographic differences and ensured each plot 
received similar amounts of precipitation. This also ensured 
that the exposed plots received similar levels of sulphur 
dioxide emissions. Detailed descriptions of the soils at 
each plot are given in Appendices 10.1 and 10.2. ROMS achs 


of each plot are found in Appendix 10.7. 


The black spruce and trembling aspen controi plots were 
located about 1 km west of the forestry weather station 
(Algar) and were about 50 m apart. The black spruce plot was 
located on poorly drained glacial till. The dominant tree 
species was mainly black spruce with some individual jack 
pine trees scattered throughout the plot. Several of these 
jack pine trees were dead. The shrub stratum consisted 
primarily of lLedum groenlandicum. The forest floor was 


covered by a continuous carpet of feather and turf mosses ({ 


chum, Ptilium, and Hylocomium spp.). 


2 oo es oa = == <a oe 


The control aspen pilot was located on well-drained 
sandy clay loam till. The stand was almost pure trembling 
aspen except for several individual co-dcominant paper birch 


(Betula papyrifera) trees. The shrub stratum included 


The jack pine control plot was located about 5 km north 


of these plots, 300 m west of highway 63 (Figure 1). The 
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plot was located on a gentle slope with a southeasterly 
aspect. The soil was a rapidly drained eluviated eutric 
brunisol developed in glaciofluviali sand. There was a sparse 


low shrub stratum of Vaccinium myrtilloides and a scattered 
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The jack pine and aspen exposed plots were located 
about 30 m apart. They were both situated on moderately 
well-drained glacial till. The exposed jack pine plot 
consisted entirely of jack pine pine as the dominant tree 
species. The tall shrub stratum consisted of clumps of Alnus 
ccrispa anda few white spruce (Picea glauca) trees. A weil- 


developed and prominent low shrub stratum was dominated by 


Ledum groenlandicum and Vaccinium myrtilloides. 
¢q Un Yaccznaum myers 


The exposed aspen plot consisted of even-aged aspen. 
The tall shrub stratum was extensive and consisted almost 
entirely of Alnus cCrispa.e The medium to low shrub stratum 
triste and Rosa acicularis. The well develcped herb stratun 
consisted principally of Linnaea borealis, Aralia nudicaulis 
and Cornus canadensis. The base of the aspen trees were 


covered by continuous mats of unidentified bryophytes. 


The expcsed klack spruce plot was located about 2 km 
east of the jack pine and trembling aspen fplots. It was 
Situated in a dense stand of small black spruce on 
imperfectly drained glacial till. There were several white 


birch trees present and no tall shrubs. The intermittent 
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shrub stratum was dominated by Ledum grcenlandicum. The 
bryophyte-lichen stratum formed a continuous ground cover, 
the principal species keing Pleurocium scherberi, Hylocomiun 


splendens and Cladina mitis. 
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3advee Plot Description 


Each plot (except the exposed biack spruce plot) 
measured 30m x 30m (approximately 0.1 ha) and was divided 
into 36 quadrats of 5m x 5m. Twenty of these quadrats were 
selected using a random number table and a throughfall gauge 
was set up in the centre of each (Figure 2). The throughfali 
coliectors consisted of five litre polyethylene bottles 
fitted with polyethylene funnels with an inside diameter of 
21 cm. On plots where the crown closure was less than 80 per 
cent, throughfall gauges were placed under the tree nearest 
the centre of the quadrat. This was to ensure that there was 
an adequate number of collectors to obtain samples of 
througafall. Ten stemflow collectors were attached to 
randomly selected trees in each experimental plot (Figure 
2). The stemflow collectors consisted of split plastic 
piping fastened to the tree in a spiral fashion and _ sealed 
with an inert caulking compound. The piping led into 23- 
litre polyethylene "jerry" cans placed on the ground. Each 
device was fitted with a nylon screen to trap out insects 
and other debris. Two iitter traps were randomly positioned 
in each plot (Figure 2). The litter traps were made up of 1m 


x 1m x 15cm wooden frames with fine (18 mesh) fiberglass 
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S = Stemflow collection device 
T = Throughfall collection 
L = Litter trap 


Figure 2, Layout of a typical plot used in the nutrient cycling study. 
The letters represent the randomly selected positions of the 
various collection devices. 
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screen bottoms. They were set on legs 15 cm above the ground 
surface. This number of collection devices per plot (20 
throughfall, ten stemflow and two litter) was considered the 
Minimum necessary for comparisons. to be made between the 


plots at a reasonable confidence level (Kimmins 1973). 


The black spruce exposed plot was 20m x 20m and nad a 
narrow path cut through the centre and around the outside 
edges to provide access for sampling. This pict design was 
necessary because the density of the trees made a larger 
plot difficult to set up. Each 5m x 5m quadrat was divided 
into four subquadrats and a throughfall collector was 
positioned in two of these by random selection. The stemflow 
collection devices and litter traps were positioned as_ for 


the cther flots. 


Each plot had two rain gauges in a nearby clearing and 
a rain collection gauge to provide samples of incident rain 
for chemical analysis. The rain gauges were Taylor 11 inch 
(27.9 cm) “Clear-vu" rain gauges (Sybon Corporation, N.Ce). 
They were positioned approximately 40 cm above the ground 
surface. The rain sample coliectors consisted of five-litre 
polyethylene bottles fitted with polyethylene funnels with 
an inside diameter of 21 cm. Each funnel was equipped with a 
fine mesh copper screen to prevent debris frem contaminating 
the samples. The collection devices were placed inside 
wooden boxes attached to wooden stakes so that the gauges 


were approximately 40 cm above the ground surface. 
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Suiphation discs were also located at each plot in a 
wooden shelter box located in an adjacent openiag. The 
sulphation discs consisted of plastic petri dishes 
containing lead dioxide on a support medium. The lead 
dioxide oxidizes gases such as sulphur dioxide and hydrogen 
sulphide to lead suiphate. This oxidation is known as total 
sulphation and is a useful means for the estimating the 


amount of sulphur gases in the ambient air. 


322.3 Sample collection and analysis 


3.2.3.1 Precipitation sampies. Throughfall and stemflow were 
Sampled approximately every two weeks for the control plots 
and monthly for the exposed plots. The exposed piots were 
sampled less frequently than the control flcts because the 
only means of access to these plots was via helicopter. 
Sampling frequency was increased when there were frequent 


rain storms. 


On each sample date the volume cf water in each 
collector was recorded and a 250 ml sample taken. Rain water 
Samples were collected in similar fashion. The filters were 
cleaned each time and 1 ml of chloroform was added to the 
polyethylene collection vesseis and the sample bottles to 


prevent algal growth (Carlilse et al. 1967). 


The Cat+, Mgtt+, Nat and Kt concentrations were 


determined by atomic absorption using a Perkin-Eimer model 
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503 atomic absorption spectrophotometer with an air- 
acetylene flame. Samples for Catt and Mg++ determination 
were first diluted with 1 per cent La203 soluticn to reduce 
Chemical interference. Detection limits for Catt, Mg++, Nat 
and K+ were 0.0005 ppm, 0.0001 ppm, 0.0002 ppm and 0.002 ppm 
respectively. Sulphate sulphur was determined using a 
modified version of the spectrophotometric method of Dean 


(1966). 


The pH was determined using a Fisher Acumet 520 digital 
pH meter. Titratable acidity (total acidity) was determined 
by titrating a 25 mil aliquot of the degassed sample against 
0.001 N KOH (standardized with H2SO04) to pH 7.00 using a 
combination glass electrode and a Fisher automatic 
titrimeter. It should be noted here that in any water sampie 
there are two types of acidity that can be measured; free 
and total. Free acidity is a measure of the concentration of 
protons in solution regardless of source. They may originate 
from the dissociation of weak or strong acids. Free acid is 
therefore determined by measurement of the solution pH. 
Total acidity is determined by titration and is a measure of 
the concentration of protons, both those in soliution and 


those still undissociated. 


3.2.3.2 Litter samples. Litter samples were collected every 
month frem all six study plots. The twigs, cones and leaves 
were air dried and stored in sealed plastic bags before 


analysis. The samples were then dried at 70°C in a forced 
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air furnace for 10-12 hours, cooled and the dry weight was 
recorded. The litter. was then ground to 20 mesh using a 
Wiley mill. One gram of each sampie {in duplicate) was ashed 
in a muffle furnace at 475°C for four hours. The ash was 
then dissolved in 5 ml of 20 per cent HCl and the solution 
was fiitered (Whatman no. 42 filter paper). The filtrate was 
made up to 50 ml ina volumetric flask and the calciun, 
magnesiun, potassium and sodium concentrations were 
determined by atomic absorption using the appropriate 
dilutions. Total sulphur was determined by the alkaline 
hypobromide oxidation method of fTabatabai and Bremner 
(1970). 

3222.3.3 Suiphation discs. Two sulphation discs were kept at 
each study plot. Each consisted of a plastic petri dish (4.8 
Cm inside diameter) and contained a PbO2 compound which was 
prepared as follows: 576 g PbO2 was mixed in a Waring 
blender with 36 g Gelman A giass fibre filters, 4 g gum 
tragacanth, 10 ml methanoi and 700 ml water. The solution 
was made up to 2 litres and 5 ml of this material was 
transferred tc each disc and then dried at 50°C for 12 hours 
(Huey 1968). The discs were sealed with a lid for transfer 


to the field. 


Discs were left for an exposure period of one month at 
each plot before being replaced. They were analyzed for 
sulphur by digesting the insoluble lead sulphate (derived 


from reaction of sulphur gases in the air with Pb0O2) with 
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sodium carbonate and then determining the SO4=-S by a 
modified versicn of Dean's (Dean 1966) method. The data were 
then expressed as mg S03 equivalent per 100 cm? of plate 


surface area per day. 


3.2.3.4 Soil samples. Soii pits were dug at each 
experimental plot and profiles described according to the 
conventions of the Canadian System of Soil Classification 
(Appendix 10.1). At the same time samples from each horizon 
were collected. These were air dried, then ground to pass 
through a 20 mesh sieve hefore analysis. The pH was 
determined using a Fisher Acumet pH meter. The soil to water 
ratios used were 20 g soil:20 ml water ‘fcr mineral soil 
samples and 5 g soiil:50 mi water for the organic soil 


samples. 


Soluble sulphate was extracted by shaking the soil 
Samples with 0.1 m cCacl2 for 30 minutes. The mixture was 
then filtered (Whatman no. 40 fiiter paper) and the SO4=-S 
content of the filtrate was determined by the method of Dean 
(1966). The extractant ratios used were 10 g soil:20 al 
CaCl2 for mineral soil and 5 g soil:40 ml CaCl2 for organic 
soil. Soluble salts (Cat+, Mg++, K+ and Nat) were determined 
from the saturated paste extracts by atomic absorption 


spectrophotometry (McKeague 1976). 


Soii bulk density samples were taken with a custom made 


soil sampler with a 3.5 cm core diameter. Bulk density 
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samples of organic horizons were obtained by removing a 15 
cm sguare block with a knife. Bulk density was calculated 
from the oven dry weight (105°C) and the core volume. Soil 
particie size analysis was performed using the hydrometer 
method (McKeague 1976). Soil colour was described on the air 
dry samples using the revised standard scil colour charts 
published by the Japanese Ministry of Agriculture and 


Forestry. 


323 JACK PINE STEMFLOW STUDY 


In June 1977, four plots were established to study the 
influence of sulphur dioxide emissions on the suiphur 
content and acidity of jack pine stemflow (Figure 1). Two 
control plots were established. One was located on the same 
plot as that used for the 1976 nutrient cycling study 
(Algar). The other control plot was located about 200 km SW 
of the emission source (May). Both plots were located at 
least 300 m from the highway to prevent contamination by 
motor vehicle exhaust fumes. The exposed piots were located 
at Muskeg Mountain about 38 km ENE of the emission source 
and at a location about 2.4 km ESE of the emission source 


(Steepbank 3). 


Pure stands of jack pine were chosen fcr each plot. A 


descripticn cf the plots is given in Table 2. A Duncan's 
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multiple range test indicated that the mean tree diameter at 
Steepbank 3 was Similar to that at May (p<0.05). The mean 


tree diameters at the other plots were not similar (p<0.05) 


At each site stemflow collector devices were attached 
to five randomly selected trees. Rain gauges, rain sample 
collection gauges, and sulphation discs were set out at each 


Site as for the 1976 nutrient cycling study (Section 3.2.2). 


The plet at Steepbank 3 was iocated cn moderately weil- 
drained mediums sand over tar sand. The two small trees 
studied had a mean age of 22 years while the three larger 
trees were about 36 years old. The plot at Muskeg Mountain 
was located on well-drained giacial till. The trees averaged 
35 years old. The control jack pine site at Algar was 
described in detail above (Section 3.2.1). The trees at this 
site were about 120 years old. The control plot at May was 
On imperfectly drained glaciai till and the trees were about 


24 years old. 


Jack pine stemflow was collected on three occasions 
during the summer of 1S77: May 19-20, June 6-7 and July 3-5. 
At each sample period, all four plots were serviced. The 
amount of precipitation was recorded and a sample of 
Cainwater was ccllected from the rain sample collection 
gauge. The volume of stemflow was recorded and a 250 ani 


sample taken for analysis. The pH, total acidity and SO4=-S 
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were determined on ali samples as described for the nutrient 
cycling study (Section 3.2.3.1). Sulphation discs were 
replaced at each sample period at all four rlcts. These were 


analyzed as described above (Section 3.2.3.3). 


324 DATA ANALYSIS 


Most nutrient concentrations and pH values presented in 
this thesis are geometric means. That is, each concentration 
value is weighted according to the sample volume. To 
calculate means of pH values, pH numbers’ were first 
converted to their negative antilogarithms (hydrogen ion 
concentration). These were then multiplied by the sample 
volume and summed. This sum was divided by the sum of the 
sample volumes and the resulting concentration value was 
converted back to a pH value. This pH represents the 
strength of a solution of a completely ionized acid which 
could have brought the same amount of hydrogen ions per unit 
area to the ground as was brought by the rainfali, or 


throughfall etc. (Barret and Brodin 1955). 


The volume corrected data could be calculated for 
Single sample periods to give the amounts of nutrients 
leached at a given plot, but this mean value could not be 
used for a statistical comparison between the two sites. 
This is because on most occassions the throughfall or 
stemflow volume for a givem species was Significantly 


different (p<0.05) between sample periods and between the 
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control site and the exposed site for a given sample period. 
The data could not be corrected for these volume differences 
because the relationship between volume and the quantities 
of nutrients leached is not linear (Madgwick and Ovington 


1959). 


Principal component analysis was performed on the 
throughfail and stemflow data in order to determine whether 
there were differences in the factors associated with the 
leaching of cations from the tree crowns at the two sites. 
Such a distinction would allow hypotheses to be proposed 
regarding the mechanisms causing increased leaching of 
nutrients at the site exposed to higher levels of sulphur 


emissions. (Appendix 10.4). 


All statistical analyses in this thesis were performed 
by using the Statistical Package for the Social Sciences 


(SPSS) (Nie et al. 1975). 


3.5 TERMINOLOGY 


There is considerable confusion in the literature on 
the terminolcgy used in the measurement of the distribution 
of water under tree crowns. (eg. Reynolds and Leyton 1963, 
Helvey and Patric 1965). The following definitions are used 


throughout this thesis. 


Gross rainfall or incident precipitation (P): the rain 


falling on tc the forest canopy. This was estimated hy rain 
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gauges placed in a suitable open area near the study flots. 
Throughfall (2): The portion of the incident precipitation 
reaching the ground either directly through the canopy 
Spaces or as drip from the vegetation. 

Stemfiow (S): The portion of incident precipitation reaching 
the ground by flowing down the tree stems. 

Net rainfall (R): The portion of incident precipitation 
reaching the grcund in the form of throughfall and stemflow. 
Interception toss (IL): The portion of incident 
precipitation retained by the tree canopy which is absorbed 
by the trees and/cr evaporated directly into the atmosphere. 
This is equal to the difference between incident 
precipitation and net rainfall. 

Interception storage capacity (IC): The maximum quantity of 
water which can be physically retained by the vegetation. 
This is equivalent to the amount of incident precipitation 


needed to saturate the forest canopy before net rainfall 


OcCUrSe 


oo té 
‘ei 
ad 


wal : 


- patdoses no bass haiveag ne | | 
aolinstg teem inebioal Yo notte 


Lili 1 eR ak Aah ae / 
voltae te ‘bas ie ssbo08 #702 ae 
Wino gt pha sna co iy a 


saebioal ‘to aokit0q a ae 

a so bt pert ean ih Ti ienears ah fe 
| bediorde ad on TaeasS ad 

as i Ka a é | y : 

-sredqnoass od? miek: {is0 

ee a as 

sophie oa i meansed 


, ate 


to Eb ueop. uuadxea oat ie) Lisa8GS2 22 wedi 
raoktB oper ea’ ad hontsses veheotegta: ot ‘wear 
aotissiqtoexg ) ‘dao tong Ao 20v0h at 09 we Ls vt 
fisieges - sadal exo%ed rapa snore, peal om a 


; ” A ee, 
; ; Hie % : : ee iy ; , 
: y f ; ‘ TANS Fa yy , bi Ds, o dee, Pia : coir 
: : a i ‘ ‘ 4 Pt , P | "i 1 
hy te t , i ie i i - na a 7 
” : yy ' 6 Bea ‘ ; (og olay ; ie a : Oa hn A eK me st 
1 : i ci. x 7 y y ‘i 1 j 


on : ; u 
ie ik i iy 7 7 | ¥ 7 


‘ ? las eget HPO, J ‘ (a> Nee 
ve 


§ ffs 21 at ‘ NY of n 7 hy 
r os A < wl a fi 7 | if 
SRO ha nt o i nos wy ihn MU oe atea i 
Det f : f 27, hi A a oy » on : H ft : Ay , ie. a} My i ; ie ane - 


Ve wie ae ee Wie 
onl iy 
if k ot 


ie Bi 
, . tea aN 
hal oy oy ae o ' ¥ . 
ea. hs T a: Me 


47 


4.1 RESULTS 


4.1.1 Precipitaticn 


The mean amount of precipitation for each individual 
Sample period was similar for both control and exposed plots 
(Table 3). Individual rainfall events were sampled cn most 
occasions. The range in storm sizes sampled was considerable 
(Table 3). The measurement period for the exposed black 
spruce plot was shorter than for the other plots because of 
Git ticuicy in locating a suitable study area and because of 
problems in setting up the collection gauges (Section 


322.2). 


For trembling aspen the mean amount of throughfall was 
84% of the incident rain at both sites (Tables 4 and 5). 
This corresponds to the range of 80-85% for hardwoods cited 
by Helvey and Patric (1965). For storms greater than 10 on, 
the throughfall percentage is practically constant (at aboat 
87%). The similarity for both aspen sites is also shown in 
the regression reiationships between throughfaii and 
precipitation given in Table 6. A linear relationship 
between throughfall and precipitation has been shown by a 


large number cf researchers (eg. Voigt 1960, Pressland 1973, 
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Jackson and Aldridge 1973). The equation developed from the 
combined data from both aspen sites (T = -0.687 + 0.871P) 
agrees well with the generalized equation of Helvey and 
Patric (1965) (fT = -0.787 + 0.901P) for estimates of growing 
season throughfall in mature, eastern hardwoods. Throughfall 


(fT) and precipitaticn (P) are in on. 


Interception storage capacity or canopy saturation 
values cannot be measured directly. They can be determined 
approximately by extrapolation cf the regression curves to 
T=0. These will only give general values since accurate 
determinaticn would require measurements of small storm 
events, and Szabo (1975) has noted that the correlation 
between incident rain and throughfall is not linear for 
small storms, From the regression eguations (Table 6) it can 
be seen that apprcximately 0.5mm and 1.0mm cf precipitation 
are required to saturate the aspen canopies at the control 
site and exposed site respectively. This compares With the 
interception storage capacity values recorded by dZinke 
(1967) of 0.25-9.15mm for various hardwood and conifer 


species. 


The amount of throughfali under jack pine at the 
exposed site was also relatively constant when expressed as 
a percentage of the incident rain (86%), but on several 
occasions at the control site the quantity of throughfalil 
exceeded the incident rain (Table 7). This has been noted by 


several others workers (Ovington 1954, Voigt 1960, Pressland 
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1973). This anomaly coulc have arisen from errors in the 
throughfall gauge readings. Gauges located at the edge of 
the canopy at times received large volumes of water which 
could have run off the surface of the tree canopy. This 
“umbrella effect" would tend to cause an overestimation of 
the mean throughfall if a large portion of the throughfall 
gauges were located near the crown periphery. Alternatively, 
Tain at an obiique angle may have been caught directly by 
the throughfall gauges without passing through the canopy. 
This is more likely to have occurred at the control site 
than the exposed site because of the leower crown cover at 
the control site. The control jack pine site was located on 
a hilil-side with a southwesterly aspect. Rain storms 
accompanied by wind from this direction could cause rain to 
fall at an oblique angle to the trees. It is interesting to 
note that on the three occasions when throughfall exceeded 
incident rain the percentage stemflow was unusually high 
(Table 7). This could be explained by the wind driven rains 
impinging directly onto the tree trunks. Black (1957) noted 
that stemflow was greatest during storg#s accompanied by a 


high wind. 


The percentage of precipitation reaching the ground as 
throughfall for jack pine at the exposed site (86%) was 
Similar to that for aspen (Tables 4 and 5). Henderson et ail. 
(1977) similarly found no difference in the amount of 


throughfall under pine and hardwood stands. The linear 


relationship between jack pine throughfall and incident 
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precipitation is shown by the regression equation in Table 
6. The interception stcrage capacity for jack pine at the 
exposed site was about 5.0mm (Table 8), considerably higher 


than for aspen. 


Throughfall under black spruce at the control site 
averaged 76% of incident precipitation (Table 9). This is 
Slightly less than 81% reported for black spruce by 
Mahendrappa (1974). There were several occaSions when 
throughfall under black spruce at the exposed site exceeded 
incident precipitation (Table 10). This may also have been 
because of the ‘umbrella effect* of the tree canopies on 
throughfall received by gauges located at the crown 
periphery. Gusting wind conditions may have increased 
recorded throughfall by shaking branches and causing stem 
drip. in addition, trees at the exposed black spruce site 
were small and the gauges were located just under the 
relativeiy thin canopy. The linear regression relationship 
between incident precipitation and throughfaii for black 
spruce at the control site is shown in Table 6. Interception 


storage was approximately 3.9 mm. 


4.1.3 Stemflow 


Stemflow averaged 7% of incident precipitation at the 
aspen control site and 8% at the aspen exposed site (Tables 
G and 5). This is larger than the 1.5 - 2.2% reported for 


largetooth aspen by Clements (1971). However, Mahendrappa 
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(1974) reported a value of 6.1% for largetooth aspen, and it 
is Similar to reports of 9.6% for American beech {Voigt 
1960) and 112.5% for European beech (Nihlgard 1970) which 
have bark characteristics similar to trembling aspen. The 
high amount of stemflow recorded for aspen is undoubtedly 
due to tree form, with branches tending tc grow upward 
rather than cutward, and to the smooth bark on the tree 


trunks. 


Generally, aspen stemflow per sample period increased 
With increasing basal area of the tree (Figure 3). This 
relationship tended to be curvilinear for small trees. 
Stemflow tended to be independent of tree size for the 
larger trees, fcr small storms. Pressland (1973) noted a 
curvilinear regression for the smaller trees, while linear 
regressions described the relationship for the larger trees 
of Mulga (Acacia aneura). Muiga has a large proportion (184%) 
of the rainfall channelled to the ground as stemflow, as 
does aspen. Such relationships have also been noted by 
Clements (1971) and White and Carlilse (1968). A curvilinear 
relationship between stemflow and incident precipitation 
could explain the positive Y intercept in the linear 
regression eguation developed for aspen which is given ia 
Table 6. Because of the positive Y intercept, the amount of 
Cain needed before stemflow begins cannot be estimated from 
the regression equations. The results indicate (Table 4) 
that measurable stemflow occurs after 3.7mm of rain so the 


amount of precipitation reguired to wet the canopy 
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Basal Area per Tree (cm?) 


Figure 3 Volume of stemflow per tree from trembling aspen for large 
storms (A) and small storms (B). Note the curvilinear relation- 
ship of stemflow volume to basal area. 
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components before stemflow occurs must be less than 3.7mm. 


The quantities of stemflow for jack pine tended to be 
considerably less than for aspen (Tables 7 and 8). Stemfiow 
averaged 0.2-0.4% of incident precipitation for jack pine 
compared to 7-8% for trembling aspen. This is partly due to 
the different tree form in jack pine. Branches tend to grow 
outward rather than upward. In addition, the rough bark of 
jack pine would have a higher storage capacity (greater 
surface area for a given stem size) than aspen. This may 
also explain the lower stemflow recorded for jack pine. 
Voigt (1960) has noted that stemfiow actually drops in a 
diffuse pattern around rough barked trees rather thaa 
adhering to and flowing down the trunks, By increasing the 
width of the stemflow collectors from 1 to 19 inches he 
found stemflow catch increased by 50% The rather narrow 
stemflow gauges used in this study (approx. 6cm wide) may 
have underestimated stemflow on jack pine to some extent. 
Stemflow was recorded in some of the gauges after 5.2 mm of 
rainfall. This compares with 5.1mm for pondercsa pine (Pinus 
ponderosa) (Orr 1972) and 7.6mm for canary pine (Pi 


Canariensis) reported by Kittredge et ale (1941). 


Stemflow at the black spruce control site averaged only 
0.1% of incident precipitation whereas at the exposed site 
stemflow averaged 0.6% of incident precipitation (Tabies 9 
and 10). These differences reflect the nature of the tree 


crowns at both sites. Trees at the exposed site were 
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generally smaller and had a less dense crown than trees at 
the control site. At the exposed site incident rain may have 
been collected as stemflow in the smaller sized trees, 
causing stemflow to be slightly overestimated. In either 
case the stemflow from spruce is very small and in agreement 


With vaiues reported elsewhere {Mahendrappa 1974). 


4.1.4 Net Rainfall 


Net rainfall averaged 92% and 91% for exposed site 
aspen and control site aspen respectively. Interception was 
also similar for both sites averaging about 8% with a range 
On al? sto: 209% (Tables 4 and 5). Clements (1971) reported 
an average of about 8% for largetooth aspen for a similar 
four month feriod. The values reported here are lower than 
other reported values for trembling aspen. Dunford and 
Niedehof (1944) reported about 16% interception for 32 year 
old aspen and Molchanov (1963) reported 19-30% interception 


for aspen 37 to 43 years old. 


Net rainfall generaliy increased with increasing 
amounts of precipitation per sample period (storm size) as 
would be expected, and correspondingly, per cent 
interception decreased. It is interesting to note that 
interception was still high (21%) when the trees were 


leafless (Tables 4 and 5). 


Interception by jack pine averaged 13.7% over the 


summer period at the exposed site (Table 8). At the control 
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Site interception averaged 29% when periods of negative 
interceptions are excluded and 16% when they are included 
(Table 7). These values correspond to 18.7% reported for red 
pine (Pinus resinosa) by Voigt (1960) and 17 to 28% for 
Canary pine (Kittredge et al. 1941). Mitchel (1930) reported 
a value of 21% for 50 year old jack pine in Wisconsin. 
Throughfall gauges nct located directly beneath the tree 
crowns also showed intercepticn. That is, they received less 
precipitation than gauges located in the nearby clearing. 
Interception was larger for lower storm sizes and generally 


decreased with increasing amount of precipitation (Tables 7 


and 8) « 


Interception averaged 24 percent at the black spruce 
control site (Table 9). This is in agreement with results 
reported for cther spruce stands (Mina 1965, Nihilgard 1970, 
Mahendrappa 1974). Interception on the exposed site was much 
lower due to reasons explained earlier (Section 4.1.2). A 
curvilinear relationship resulted from a plot of 
interception versus precipitation on the black spruce 
control plot. A good linear fit was obtained when the data 
were transformed logarithmicaily (Table 6). The relationship 
between incident precipitation and per cent interception 
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P = incident precipitation in mm 


This equation was obtained by rearranging the regression 
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equation given in Table 6. 


4.1.5 Sampling Intensity 


co — 2 oe oe oe Soe ee ae 


The planning of most precipitation studies suffers from 
a lack of information on the spatial and temporal variance 
of throughfall and stemflow. Researchers have used a wide 
Variety of coliection vessels to sample throughfall 
including trceughs (Kittredge et al. 1941, Delfs 1955, 
Reigner 1964), standard rain gauges (Reynolds and Leyton 
1963), and polyethylene funnels (Eaton et al. 1970, Voigt 
1960). The number of fixed gauges has ranged from 1 to 30 
and roving gauges from 1 to 20 (Kimmins 1973). It was, 
therefore, of interest to determine the degree of precision 


obtained by the sampling technique employed in this study. 


Table 11 shows the standard error expressed as per cent 
of the mean for the value of throughfall and stemflow for 
small, medium and large sized storms at each experimental 
pilot. Aspen throughfall measurements were subject to 
Standard errers of less than five per cent and variability 
decreased with increasing amount of precipitation. The same 
was true for the cther two species. Other researchers have 
noted a curvilinear decrease in coefficients of variation 
with increasing precipitation (Pressland 1973, Kimmins 
1970). The standard errors for pine and spruce throughfall 
were higher, as would be expected from the greater 


Variability in crcewn cover (Helvey and Patric 1965). The 
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number of collectors required to make the 95% confidence 
interval about the mean, equal to ten per cent of the’ mean, 
was calculated (Table 11). Only the aspen throughfall gauges 


were of sufficient number to satisfy this requirement. 


A large number of stemflow collectors is required to 
obtain the desired level of precision. Szabo (1975) also 
obtained high coefficient of variation values (20-70%) for 


stenflow. 


The purpcese of this study was tc compare differences 
between sites over the summer period rather than monitor 
individual storm events. In some caseS roving gauges may 
reduce the variance in throughfall volume (Reynolds and 
Leyton 1963, Wilm 1943). However, for short term studies a 
large number cf ccllections would still be required and in 
some cases roving gauges may yield inaccurate results 


(Kimmins 1973). 


4.2 DISCUSSION 


Determination of the amounts of water reaching the soil 
in forest stands is important as it is this water which can 
be used by piants fcr growth or which can supply man's water 
needs. This water is also the vehicle for nutrient cycling 


Via throughfall and stemflow. 


The average net precipitation received under the forest 


canopy of the three forest types studied was: trembling 
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aspen (91%), jack pine (85%) and black spruce (81%). The 
largest amount of water reaching the forest floor was 
therefore found under trembling aspen. The least was found 
under black spruce. This high intercepticn loss for black 
Spruce is probably not important for this species as it 


usually grows on moist sites, 


Researchers frequently disregard stemflow in water 
budget studies because of measurement difficulties. This 
study shows that stemflow can be a significant proportion of 
the water reaching the soil particularly for aspen. Stemflow 
is also an impcrtant consideration in the mcisture economy 
of trees Since the water is distributed directly into the 


rooting area of each tree. 


Gaiser (1952) indicated that old root channels are 
relatively more permeable to water than the surrounding 
soil. Such channels could serve as pathways for rapid 
movement of free water in the soil profile both vertically 
and horizontally. Stemflow may serve as the principal point 
of entry into such a network {Voigt 1960). Beasley (1976) 
suggested that interconnected channels through the soil 
formed by decayed roots, could explain his cbhservations that 
subsurface flow often began shortly after rainfall began, 
even when there was neither saturation at the point of 
outflow nor high antecedent soil moisture. He also found a 
Similarity in the timing of subsurface and channel flows. 


This suggests that in some soils, stemflow may enter streams 
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relatively quickly without reaching chemical equilibriun 


With the soil. 


Throughfall was also observed to result in an tneven 
distribution of rainfall, with the gauges Iiccated at the 
crown periphery (particulariy tor jack pine and spruce) 
often receiving greater amounts than similar gauges located 
in an open area. The distribution of throughfall over the 
forest flcor was most variable in jack pine and black spruce 
and least variable in trembling aspen. Variability between 
the two study plots for each species was least for aspen and 
greatest for black spruce. This uneven distribution of 
moisture might he expected to influence the micro- 
STatciwent of the forest floor. Indeed, several researchers 
have recognized stemflow and throughfall as important 
factors contributing to local soil variability (Mina 1967, 


Gersper and Hclowaychuk 1971). 


The regression equation developed for estimating aspen 
throughfall (fT) from measurements of gross rainfall (P) 
corresponds remarkably well with that developed by Helvey 
and Patric (1965) from 12 separate studies in the eastern 
United States. This suggests that the regression equation 
developed for estimating aspen throughfall in this study 
could be used by other researchers for estimating 
throughfall in similar trembling aspen stands elsewhere in 


Alberta. 
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5. NUTRIENT TRANSFER FROM FOREST CANOP 


521 RESULTS 


—_ «> ae = 2 ee ee ow oe ee oe ae 


Litter production (oven dried weight) by the control 
aspen stand compared tc the exposed aspen stand was 1677 to 
1869 kg/hayyre This is in close agreement with values of 
1623 and 1778 kgyhayyr for trembling aspen stands of similar 
density in Alaska (Van Cleve and Noonan 1975) and 1900 
kg/fha/yc fcr leaves of Populus tremula at 59° N in Sweden 
(Anderson and Enander 1948). In relation to litter 
production by forests in other major climatic zones of the 
world, these values are about midway between average litter 
production in the cool temperate zone (3500 kg/ha/yr) and 
arcticralpine zone (1000 kg/ha/yr) forests (Bray and Gorham 
1964). The values reported here refer only to leaves and 
small twigs. If adjusted for branch fall of 15%, as found by 
Van Cleve and Noonan (1975) ina 50 year aspen stand in 
Alaska, then totai litter producticn would be approximately 
1930 kg/ha/yr and 2150 kg/ha/yr for ccntrol and exposed 
sites, respectively. This corresponds well with the total 
litter producticn of two metric tons/ha/yr predicted by Bray 
and Gorham (1964, Figure 1, pg 128) for forests at 57° N 


latitude. 


At the control site, jack pine litterfall supplied 785 
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kg/ha of orgaric matter between July 23 and October 2. 
Assuming that the rate of litter production was the same in 
June as in July then production for the period June 24 to 
October 2 amounted to 806 kg/ha. According to Foster and 
Gessel (1972) approximately 75% of annual litter production 
in jack pine occurs between June and November. Using this 
figure, the approximate annual litter production for jack 
pine in this study would be 1050 kg/ha/yr. This is 
considerably less than 3729 kg/hayyr for a 30 year old jack 
pine stand in Ontario (Foster 1974). It is aiso less than 
the 2100 kgyha/yr (Alway and Zon 1930) and 1730 kg/ha/yr 
(Tappeiner and Alm 1972) reported for jack pine in the north 
central United States. It is, however, cicse to the 1200 
kg/ha/yc reported for Pinus contorta at an elevation of 3000 
m in the United States (379 N) by Jenny et ale (1949) These 
differences are prokably due to the poor soil, the iow stand 


density, and the short growing season at this site. 


Black spruce at the control site produced an estimated 
780 kg/ha cf litter over the summer period. Although it is 
difficuit to make a comparison with the limited data fron 
this study, it appears that biack spruce litter production 
at this site is considerably less than for other spruces 
reported by Bray and Gorham (1964). 


5.1.2 Litter Nutrient Content 


The mean nutrient content of litter for the three 
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species studied is given in Table 12. The order of 
concentration of nutrient elements in the three species was: 
aspen > spruce > pine 
for ali nutrients except magnesium which was higher in pine 
than spruce. Nutrient content of jack pine litter varied 
over the study period (Table 12). Early in the autumn, 
litter had higher concentrations of the mobiie elements, 
sulphur and petassium, and lower concentraticns of immobile 
Calcium, relative to litter falling in the late autumn. 
Foster and Gessel (1972) also noted a marked increase in 
calcium concentration and a slight decrease in potassium 
concentration in jack pine litter in the late autumn. The 
sulphur content of jack pine iit decreased throughout the 
growing season (Table 12). Foster and Gessel (1972) observed 
a Similar decrease for nitrogen in jack pine. Both nitrogen 
and sulphur could be translocated out of the tree crown 
towards the end of the growing season, The decrease in 
potassium and increase in calcium has been attributed to 
leaching (Gosz et al. 1972). Potassium is readily leached 
from attached leaves after the aes en layer is formed, 
hence, the lower potassium concentrations in late autunn 
litter. Calcium is leached more slcwliy than other natter 
(Tukey 1970), hence, the leaves iose weight and increase in 
Calcium concentration. Spruce iitter also showed an increase 
in calcium and magnesium and a decrease in sulphur 
concentrations in late autumn. Potassiun, however, 


increased. Aspen litter showed a marked increase in caiciun 
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Table 12. 


Nutrient content of tree 


litter 


aS per cent oven dry weight (0.D.W). 


Sample date Na K Ca 
A iit GR) (4) 
Jack Pine 

August 27 Gaur! (Os tig) 05430 
September 9 0.09004 0.100 0.405 
October 2 O50 G47 9050 78)) 0.2565 
Mean 0.007 0.096 0.467 
rembling As 
September 9 0.2024 G.420 0.840 
October 2 C307 Bhat 456018 1.235 
Mean Oecd et OOi, te 3G 
Black Spruce 
August 27 02005) 105100 "02800 
September 9 9.019 0.130 0.420 
October 2 Oe 087) Ue 00) | 029140 
Mean Oe OU were Sty D743 


a ee 


Mg 
(%) 


0.805 
Gs109 
0.720 
0.707 


0.855 
1.805 
1.330 


0.570 
0.92.5 
0.717 
0.555 


expressed 


S 
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and magnesiug. Presumably these elements accumulate in the 
leaf until abscission (Gosz et al. 1972). The order of 
element content for each species was: 
trembling aspen: Mg > Ca > K > S > Na 
jack pine: Mg > Ca > K > S D> Na 
biack spruce: Ca > Mg > K > S > Na 
The high magnesium content of the litter in all three 
species may reflect the influence of soil composition 
(Appendix 10.2), although the influence of soil chemical 
factors on nutrient content of trees has heen discounted by 


Bard (1945) and Remezov et als (1955). 


Nutrient content of the litter of jack pine, aspen and 
black spruce in comparison to values reported for similar 
species is shown in Table 13. Jack pine generally had 
Similar levels cf sodium, calcium, and sulphur with slightly 
lower potassium and higher magnesium. Aspen was Similar for 
all the elements determined except magnesium which was much 
higher. This was also the case for spruce. 

These differences reflect the seiective absorptive capacity 
of each species and physiological differences (Madgwick and 


Ovington 1959). 


The nutrient content of precipitation at the control 
site is shown in Table 14. The mean nutrient concentrations 


(ppm) of sodium (0.14), potassium (0.17), calcium (0.44), 
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magnesium (0.8) and sulphate sulphur (0.16) were higher 
(except sulphur), but the relative concentrations of each 
element were similar tc those reported for a forested area 
at Hubbard Brook, New Hampshire, by Eaton et al. (1972). 
Their reported values were; sodium (0.06), potassium (0.07), 
calcium (0.16), magnesium (0.03) and sulphate suiphur (2.7). 
The higher suiphate sulphur at Hubbard Brook was attributed 
to contaminaticn from pollution. In both cases calcium was 
the predominant cation. The average Ca/Mg ratio at the 
control site in this study was Sao reflecting the 
continental nature of the air masses (Section 2.1). The 
quantities of nutrients brought down in rain over the summer 
were not insignificant. The quantity of calcium in rain 
(1.36 kg/ha) was guite large and perhaps reflects the nature 
of the scils in the region. There were no apparent seasonal 
trends in the quantities of nutrients added through 
precipitation. The amounts of nutrients deposited in rain at 


each plot are given in Appendix 10.3. 
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The relative contributions of jack pine throughfall, 
stemflow and litterfall to the amount of nutrients returned 
to the forest flocr are shown in Tables 15 and 16. Note that 
the amounts of nutrients in throughfall and stemflow include 
elements added to the ecosystem in precipitation. Table 15 
includes data for the period July 23 to October 2, for which 


accurate litterfall data were available. Table 16 shows a 
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comparison of the amounts of nutrients transported by each 
process over the summer period. The amounts of nutrients in 
litter were calculated assuming a similar rate of litterfall 
in June and July and assuming that the per cent mineral 


content of the litter was the same for both acnths. 


Jack pine stemflow contributed only about one per cent 
of the nutrients returned to the forest floor, considerably 
less than for throughfall (Table 15). Almost alli the sodium 
reaching the forest floor was via throughfall, and this was 
largely derived from the incident precipitation (Table 16). 
Litterfall was the most important source of calcium and 
Magnesium, aithough, Significant amounts of each were 
present ap throughfall. Throughfall supplied approximately 
70% of the potassium to the ground, more than double that 
supplied by 1litterfall. Greater quantities cf potassium in 
throughfail than in litterfall have also been reported for 
jack pine (Fester 1974), Douglas-fir (Cole et al. 1967) and 
Cadiata pine (Willi 1959). The order of return of nutrients 
from ail sources to the soil was Ca > Mg > K > Na which 
differed from the order for jack pine (Ca>K>Mg) given by 
Foster (1974), presumably, because of the higher amount of 
Magnesium returned in the litter at this study site. The 
order of return of nutrients in throughfall and stemflow was 


Similar for both studies. 


Aspen litterfall contributed nearly all of the calcium 


and magnesium returned tc the forest floor during the summer 
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(Table 16). A considerable amount of sodium was also 
transferred in the litter, contrary to the findings for jack 
pine. Potassium and sodium were the predominant elements 
returned in aspen throughfall as in jack pine throughfall. 
Aspen throughfall, however, was less important as a transfer 
nutrient mechanism, in comparison to litterfall, than was 
jack pine throughfall. Aspen stemflow was relatively 
unimportant in the addition of nutrients to the forest floor 
in comparison to throughfali and Jlitterfall. Stemflow 
returned nearly as much calcium as throughfall, however. 
This may reflect the high calcium content of the leaf 
leachate that has been channeled down the tree trunk or the 
calcium centent of the bark. The order of addition of 
nutrients tc the forest floor was: 
Ca > Mg > K > Na 

which was the same as for jack pine and reflects the 
importance of litter to the return of nutrients in the aspen 


ecosysten. 


Tae relative quantities of nutrients returned in black 
spruce throughfall, stemflow, and litterfail are shown in 
Table 16. As for jack pine, litterfall was the most 
important source of calcium and magnesius. Throughfail 
contributed more than twice the amount of potassium than 
litterfail. Pctassium was the nutrient element returned in 
greatest quantity in stemflow, A significant amount of 
Magnesium (25%) was returned to the forest floor in 


throughfall. 
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The order of the return of nutrients (Ca>Mg>K>Na) for spruce 
was the same as for aspen and pine. Relatively more 
potassium was returned in spruce than in the other two 
ecosystems. ‘The quantity of sodium returned was similar for 
the three forest types since precipitation was the primary 
source for this element. The amounts of potassium, calciun 
and magnesium returned over the summer period were smaller 


for pine and spruce than for aspen. 


Approximately 62% of the calcium and 86% of the 
magnesium was returned from jack pine trees to the forest 
floor in the litter whereas 71% of the sodium and 67% of the 
potassium was recycled in throughfall and stemflow (Table 
17). A&A large portion of the caicium content of the 
throughfall and stenmflow was derived from incident 
precipitation. Leaching from the tree crowns was the primary 


means of recycling potassium in the pine ecosystem. 


Sodium was removed from precipitation by the aspen 
canopy and consequently litter was the principal means of 
recycling sodium. Absorption of sodium by tree crowns has 
also been ncted in radiata pine (Will 1959). Litter was also 
the primary means of recycling potassium, calcium, and 
Magnesium. Potassium was the nutrient element recycled to 
the greatest extent in throughfall and stemflow (26%), 


followed by calcium (6%). 
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More than twice the total amount of potassium recycled 
from black spruce trees to the forest floor was in 
throughfall and stemflow (60%) compared to litterfall (23%). 
As for trembling aspen, sodium was removed from 
precipitation by the black spruce canopy. 


_ <2 ap <> <> 


521.6 Magnitude of the Chemical Components of Throughfall 


The nutrient content of throughfall is largely a 
function of nutrient input by incident precipitation, 
leaching potential of the incident precipitation, the 
physiological condition of the leaf and the chemical form of 
the element in the leaf (Eaton et ai. 1973). The washing of 
impacted particulates from leaves may also be important in 
determining throughfall nutrient content (McColl and Busi 
1978). The amounts of nutrients in throughfall were highly 
correlated with the amcunt of incident precipitation (Figure 
4). For each species the amounts of each element removed 
from the tree canopy was highly correlated (r?2>0.8) with the 
amount of precipitation. Reiners (1972) and Carlilse et al. 


(1967) also found similar relationships. 


A comparison of the amounts of nutrients leached frog 
tree canopies of a number of species reveals several 
interesting pcints (Table 18). In generai, potassium is tke 
most easily leached element from tree crowns of both 
hardwoods and softwoods. The general pattern of enrichment 


of bases is K > Ca > Mg. High vaiues for sodium were 
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—— Trembling Aspen and Black 
Spruce Control Plots 


\ —-— Jack Pine Control Plot 
ran PPT Trembling Aspen 
a —-— Jack Pine 


oe as ---—- Black Spruce 


1.0 
0.8 
0.6 
0.4 
im ie 
OZ 4’ \ be N 
July 16 7 July 30 September 9 
@) 
June 29 July 23 August 28 October 2 
Figure 4 Incident precipitation and deposition of nutrients via 


throughfall in the three forest types (control site) from 
June through to October 1976. 
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recorded at sites close to the ocean. The high values of 
sulphate sulphur reported for European beech (Fagus 
Sylvatica) and Norway spruce (Picea abies) by Nihlgard 


(1970) were attributed to atmospheric pollution. 


5e1.7 Seasonal Changes in Chemical Components of 


A humber of investigators have observed seasonal 
Variation in the removal of material from the forest canopy 
by precipitation (Will 1959, Voigt 1960, Eaton et al. 1972). 
In this study seasonai trends were not clear because of the 
strong influence of the amount of incident precipitation on 
throughfaill nutrient content. For pine and spruce the 
quantities cf sodium and magnesium in throughfail generally 
followed the pattern of precipitation (Figure 4). The 
amounts of calcium and magnesium were closely related to 
amcunts of precipitation early in the summer put declined 
somewhat unexpectadly on the September 9 sample date. fhis 
may be because the prior heavy storm (>12.0 cm in 36 hours) 
caused a depletion in the nutrient content of the leaves. 
The subsequent shower occurred before normal levels had 
built up again, resulting in lower than expected throughfall 


concentraticns of calcium and magnesium. 


This effect was not observed for aspen (Figure 4) and 
could possibly reflect a higher transpiration rate for aspen 


and a faster build up in leaf nutrient content. Zamierowski 
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and McCioskey (1975) noted marked differences between 
species in the time for replacement of nutrients lost by 
leaching. It is interesting tc note the differences in the 
nutrient concentrations in aspen throughfall on the Cctober 
2 sample date. On this sample date the throughfaii 
collectors contained a large amount of leaf litter and the 
throughfall data reflect the relative leachability of the 
various elements from the leaf litter. The concentration of 
potassium was particularly high whereas calcium was not 
unusualiy high (Appendix 10.3). This is consistent with the 
observation of Gosz et ale (1972) that much cf the potassiua 
in litter is released by the physical process of leaching by 
rainwater, whereas calcium, which is a structural component 
of celis, depends upon decomposition and biological release. 
The high concentration of potassium on September 9 perhaps 
represents the maximum for potassium after leaf abscission 
noted by other researchers (Denaeyer —- DeSmet 1965, Eaton et 


al. 1973, Gosz et ale 1975). 


5e2 DISCUSSION 


Leaching of nutrients from tree crowns of each species 
was highly correlated with the amount of net precipitation. 
Distribution of recycled nutrients in stemflow and 
throughtall both temporally and spatially is therefore 
closely related to the distribution and amount of incident 
precipitation. The recycling of nutrients in throughfall and 


stemflow must occur, therefore, at uneven intervals 


Lietayoorat “edt. ‘oteb Se 


elt 2o. (e1Ldsdseot sviseloa ous sonbion, 1 ht iN 
to. no bt mazagonco edt. ‘ate 9iL. iook lead wort ae ‘auokaey yy 
-» ayes oy Ye bye Fi Any aia? Ly ot = 


son asi apiole sored ap, ‘i ytaat 9569 ane KOsee iil | 
oe } Maes% haga Key OTe giitire aa er aN wore Be Tih 


a 


‘i ida. nti eee eo ae a, ere ee 
agieaesog oad 2. ove ‘y062 (very. da 28 tg seod to aoitevisedo = 
Sethe. yi “Oe aly Hiawied etal Ce ee ea wh dhl Pai 7 


id guidoael ‘wo ecen034 Tsoseydd odd ve beeselez 2 soso ak 


Litpant oe & ‘hums? ge eri. oy ts va > Phaee' . is ot j 

dae aogMoD: texsoux9s ry ek dolde vaubotso ssezody ie 7 
Us eee i et © i 

ease 193 isokpointd Bas notstaognoaes aoge somegod (SS aNt ae ; 
a, ‘iu - 7: Ay ; S 7 
aquidaoq @ sednodgo? fo sutenstoq to. ito isaaz@a0000 by a = 7 i 44 
reas: ot ee iC 


nolestoeds Reed! | aeste ‘noionesey zor aouixen ods agaosonges a 


‘ ft . aa 
(he il Aa tel a 


12 sosnd -eaer teazed * soxnenoad exodorsseer s0d90, acs pare 74 
a ee sot! | 


i= 


- : : ae: I Ds 


| fs if fa » eng en te * ener Birla: ini 


oy op i _] 


ie? Al 
7 iyi 
iL 


cotzeqe dose 30 sewers: weit 9033 


by Ne ig ere 


cay 


88 


throughout the growing season. 


Throughfall ccntained lower concentrations of nutrients 
than stemflow but total nutrient returns were much greater 
in throughfall because of the larger volume of water that 
reaches the soil as throughfall. Of the three species 
studied, jack pine returned the greatest amount of sodium 
and magnesium in throughfali and stemflow, trembling aspen 
the greatest amount of potassium and calcium, and black 
Spruce the greatest amount of sulphate sulphur. In total, 
throughfall from trembling aspen contained the largest 
quantities of soluble nutrients while throughfall from jack 
pine and black spruce contained about eguivalent lesser 


amounts. 


Stemflow, compared to throughfall, was of minor 
importance in the addition and return of nutrients to the 
forest flocr when considered on an area basis. However, 
aspen stemflow was aS important as throughfall in the 
addition of calcium. Significant amounts of sodium and 
potassium were aiso added to the forest floor in aspen 
stemflow. The addition of nutrients in stemflow increases 
the heterogeneity of nutrient additions by producing areas 
with high quantities of elements close to the tree stems. 
Stemflow has great importance when only its zone of direct 
influence is considered. Voigt (1960) has shown that 
stemflow is concentrated near the base of the trunk and 


Gersper (1970) reported that the greatest influence of beech 
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stemflow in concentrating fallout radioisotopes is limited 
to a sphere of influence extendiag 30 cm from the tcunk and 
to a depth of 30 to 45 cm. By using a mean stem diameter of 
19.0 cm for control site aspen and a sphere of influence 
extending 30 cm from the trunk, the amount of stemflow 
received over this area amounted to about 8 times the 
incident rainfall received over a similar area in the open. 
On average this area received six times as much calcium, 86 
times as much magnesium and 28 times as much sulphate 
Sulphur as an equal area in the open. These values are 
minimum values because on several occassions the stenmflow 
volumes were underestimated because the collection vessels 


overflowed. 


Stemflow in aspen may facilitate rapid recycling of 
soluble nutrients (particularly K, Ca, Mg) since stemflow 
water is available guickly to absorptive roots at the base 
of the tree (Voigt 1960). Stemfiow water may also have a 
considerable impact on the physical and chemical properties 
of soiis. Patterson (1975) and Mina (1967) found that trends 
in surface-soil pH were correlated with the pH of stemflow 
and throughfall of each tree species. Stemflow and 
throughfall provide a means of transfer of soluble nutrients 
from the living biomass component of an ecosystem to the 
available nutrient component and thus form an integral part 
of the intrasystem nutrient cycle (Figure 5). The content of 
this nutrient pool is dependent on the relative leachability 


of each element. The amounts of nutrients recycled in 
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Figure 5 Components of the nutrient cycle for a forest ecosystem showing sites of nutrient 
accumulation and major pathways. Nutrient inputs include weathering of minerals, 
and nutrients in rain, snow and particulate matter. Nutrient outputs include losses 
with drainage waters and formation of secondary minerals. (After Eaton et al. 1973) 
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throughfail and stemflow were shown, in general, to he less 
than the amounts recycled in litterfall for all tree species 
studied. However, nutrients in throughfall and stemflow are 
added directly to the available nutrient pcol without the 
need of any decomposition process on the forest floor 
(Figure 5). MThroughfall and stemflow, therefore, take on 
added significance in mineral cycling in boreal forest 


ecosystems where decomposition of litter is slow. 


The leaching of nutrients and subseguent reabsorption 
of the leachates by the same plant can be an important 
function in the mineral nutrition of that plant. This is 
particularly sc for the elements caicium and magnesium which 
once absorbed by the leaves, do not move basipetally from 
the leaves and are not translocated to areas of new growth 
(Bukovac and Wittwer 1957). Throughfall and stemflow provide 
a means of redistributing basipetally immobile nutrients 
from mature tissues to young rapidly metabolising tissues. 
It is also interesting to note that mature leaves are 
generally more susceptibile to leaching than young growing 
leaves thus preserving the integrity of this pathway. 
Considerable quantities of caicium and magnesium were 
recycled in this manner in jack pine and black spruce and a 


lesser amount of calcium in trembling aspen. 


Foliar absorption of nutrients has been demonstrated by 
a number of researchers (Ingham 1950, Tukey and Wittwer 


1958, Will 1959, Carlilse et al. 1966). Witherspoon (1964) 
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found that understory plants aksorbed radio-cesiun fron 
white oak throughfall directly through their foliage. This 
could result in even more rapid turnover of nutrients in 
forest ecosystems. It has also been hypothesized that not 
only are scme plants adapted to an environment by virtue of 
the nutrients removed from their foliage but some plants may 
be adapted to an environment in which their nutrients are 
supplied in the leachate from other plants (Tukey and 
Mecklenburg 1964). Indeed Tamm (1950) showed that mosses may 
gain a considerable portion of their nutrients from the 
throughfall cf overhead conifers and epiphytic lichens were 
found to absorb ammonium and nitrate from solutions flowing 
over their surfaces. (Lang et al. 1976). It has been 
suggested that scme species of epiphytes may grow in 
association with certain tree species in part because of the 
nutrients which they receive from their hosts (Steniid 
1958). Piant leachates have also been shown tc suppress the 
growth of other plant species, particularly in desert plants 
(Rice 1974). Throughfail and stemflow from forest trees may, 
therefore, be factors which influence the distribution and 


associaticn of plants. 
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6.1 RESULTS 


The mean nutrient concentrations and pH of rain for the 
two sites are given in Table 19. Complete data are presented 
in Appendix 10.3. The mean nutrient concentrations presented 
are geometric means where each concentration value is 
weighted according to the sample volume. The mean sulphate 
Sulphur concentration in rain at the exposed site was nearly 
twice as great as the concentration in rain at the control 


Site. 


A t-test indicated that the mean volume, nutrient 
concentrations and mean pH of rain at the exposed site were 
not Significantly (p<0.05) different frem rain at the 
control site. On average, rain was not acidic at either 
Site. The exposed picts received on average more than twice 
the amount of sulphur dioxide than the control sites as 


indicated by the sulphation discs (Table 20). 


Mean nutrient concentrations and pH of throughfali ard 
stemflow at both sites are given in Table 21. Note that 
these figures represent the mean values from 5-10 sample 


periods with each experimental plot at each sample date, 
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Table 19. Mean! nutrient concentrations (ppm) and mean? 
PH! of incident rain collected during the 
Summer of 1976 at the two sites of the 
nutrient cycling study. 
Site 
Control Exposed 
Mean SD2 Mean SD 
Na+ 0. 14 0.09 EMEA Mie. EH 
K+ Con Onn Ga 17 02 13 
Catt 0. 44 Geuu 0.45 Oa 15 
Mgt+ 0.08 Gs05 0.06 0.03 
SO4=-S 06.16 Os 10 0.31 Oo 21 


pH 5 


a3 Pi (Pe 


1 Geometric means weighted by the sanple volumes 
2 Standard deviation 


Table 20. 


Mean total sulphation for the control site 
and the exposed site of the nutrient cycling 
study. Values are expressed as ag S03 
eguivalent/100 cm2 sulphation disc area/day. 
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providing approximately 20 throughfall and 10 stemflow 
samples. The total amounts of nutrients returned to the 
forest floor in throughfali and stemflow at both sites are 


given in Appendix 10.3. 


Assuming that the chemical composition of the rain at 
each site was the same (except for SO4=-S) it can be seen 
that larger quantities of: the cations K+, Catt and Mgt+ were 
being removed from the canopies of trembling aspen and jack 
pine at the site exposed to sulphur dioxide pollution (Table 
21). For aspen throughfall there was a greater concentration 
of Cat+, Mgtt and SO4=-S at the exposed site than the 
control site even though the mean sample volume was slightly 
higher at the ex posed Site. This greater nutrient 
concentration was associated with a higher throughfall pH at 
the exposed site. Aspen stemflow at the exposed site tended 
to have higher Kt, Catt, Mg++ and SO4=-S concentrations and 
higher pH despite the higher average volume at the exposed 
site compared to the control site. The concentrations of Kt, 
Catt, Mg++ and SO4=-S in jack pine throughfail were higher 
at the exposed site than at the control site. The pH of the 
exposed site throughfall was, however, lower. Jack pine 
stemflow, like throughfall, had higher concentrations of Kt, 
Ca++, Mg++ and SO4=-S at the exposed site than the control 
Site. The pH of exposed pine stemflow was also markedly 
lower than for the control site. The differences between the 
exposed spruce site and control site were not as evident as 


for the other species. Only the Cat+# concentration in 
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throughfall was greater at the exposed site. The differences 
may have been masked by the greater differences in the size 
of the trees on the two spruce plots (Table 1). The exposed 
plot trees were smaller on average and had a less dense 
canopy than the ccntrol plot trees. Rain at the exposed plot 
would have washed over less foiiage than rain at the control 
Site. Therefore, the resultant greater leaching at tne 
control site could have prevented any increased leaching, 
caused by sulphur emissions at the exposed site, fron 


becoming apparent. 


The concentration of Nat was similar in the throughfall 
of all three species at both sites. Throughfail Nat 
concentration was also about equal tc the average 
concentration in incident precipitation at botn sites. 
Sodium, therefore, is only leached from jack pine or black 
spruce to a stall extent. Since the concentration of sodiun 
in trembling aspen throughfall is slightly less than in the 
incident precipitation, and because throughfail volume is 
less than incident precipitation, sodium must be absorbed by 
the aspen canopy. This is aiso shown in Appendix 10.3 where 
on several occasions the amount of sodium in rain is less 


than the total amount of sodium in throughfall plus 


stemflow. 


The similarity in concentrations of sodium between the 
control and exposed sites suggests that sulphur dioxide 


emissions at the exposed site are not influencing the 
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leaching of sodium frcm the tree crowns. This is consistent 
with the findings of Wood and Bormann (1975). They found 
that an acidified artificiai mist increased the leaching of 
K+,Cat+, and Mg++ from sugar maple (Acer saccharum) 
seedlings but the leaching of Nat remained the same or 


decreased slightly. 


Table 22 shows the weighted mean nutrient concentration 
and weighted mean pH for jack pine and trembling aspen 
throughfall and stemflow for a given sample period when the 
amount of precipitation at each site was similar. A similar 
Comparison was not possible for black spruce because there 
was not a sample period when the amount of precipitation at 
each plot was similiar. The concentrations of nutrients at 
the exposed site were generally higher than at the control 
site for both species. The differences which were 
Statistically significant (p<0.05, Student's t-test) are 
indicated. Aspen throughfall and stemflow had a higher pH at 
the exposed site whereas jack pine throughfali and stemflow 


were lower in pH at the exposed site. 


Since nutrient quantities in dry fallout were not 
determined separately, these quantities are included in the 
amounts of nutrients recorded in the throughfall and 
stemflows. A number of researchers have recognized the 


possibility that aerosols and dust may adhere to ieaves, 
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Table 22. Mean nutrient concentrations and pH of rain; and 
of trembling aspen and jack pine throughfall and 
stenaflow. Values are from a single sample period. 
The mean value of a given variable (Nat, K+ etc.) 
at the control site was compared to the 
corresponding mean value at the exposed site 
according to Student's t-test. Pairs of values 
which are Significantly different (p<0.05) are 
indicated by asterisks beside the exposed site 
values. 

Trembling Aspen Jack Pine 
Control Exposed Control Exposed 

Precipitation (mm) 45.0 43.0 45.4 G4126 

Throughfall 

Nat Gag Olen rg Dead 0.24 

K+ 0.86 1.03 0.99 2-26* 

Catt 0.38 1.48* 1.49 ENG 

Mg++ O13 0.18* Ure 02/57 

SC4=-S 0.16 0.49% 1.09 LG Me 

pH 62103 6.41* 5-04 4.72* 

Volume (ml) 1037 1266* 1344 1055* 

Stertlow 

Nat Ces) Volts Oo Oa94 

K + 2233 4.51% ee Bie tice? 9 

Ca++ ig. 09 202 37%) (435311 232756 

Mg++ 1.64 3299.* 2059 Da) Se 

pH 7.56 8603 4.99 3.50* 

Volume ({ml) 16025 ht38 1266 2544 

Rain 

Nat eke) 0.09 0.09 Qo23 

K+ OaG7, 0. 10 O 201.0 Qin. 

Ca++ Ona 7, 0.49 On .2)1 0.44 

Mg++ 0.08 0.06 0.02 0.04 

SO4=-S 0.08 0. 10 C230 0.60 

pH S69 S203 Sn Gio Deis 
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branches and stems and then add significantly to the 
chemical concentration of throughfali and stemflow (Eriksson 
1955, Tamm and fTroedsson 1955, Hart and Parent 1974). 
Nihlgard (1970) found in Scania, South Sweden (in a region 
subject to air polluticn in the form of acid rain and acid 
particulates) that hydrogen ions, potassium and manganese in 
spruce throughfall resuited largely from leaching. 
Magnesium, sodium, calcium and chloride, on the other hand, 


could have been derived to a large extent from aerosois. 


In a recent study of atmospheric particulate deposition 
in the oil sands area Barrie (1978) found that in a region 
northwest of the emission source the main scurce of calciun 
and magnesium was from wind blown dust. The lowest 
deposition rates for those elements with a strong wind blown 
dust component was found to occur at Muskeg Mountain 38 km 
to the east. He also found that particulate sulphur was 
largely of anthrofogenic origin even at the site subject to 
wind blown dust (11 km NW of the emissicn source). The 
exposed site for this study was located 32 km SE of the 
emission source well away from the previously mentioned 
sources of wind blown dust and would be expected to be 
Similar to the Situation found at Muskeg Mountain. 
Particulate deposition from the emission source could, 
therefore, be an important component of the nutrient content 
of throughfall and stemflow at this site, particularly for 
sulphate sulphur. This component represents the filtering 


action of the forest canopy on airborne particulates and 
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aerosols. 


Mayer and Ulrich (1976) proposed an indirect method to 
separate this component from the nutrients removed from the 
tree leaves by leaching. They assumed that during the 
leafless winter period, leaching of nutrients from the trees 
is very stall and therefore any nutrients added to the 
incident rain in throughfall must be derived from 
particulates deposited on the tree, Unfortunately such an 


approximation is not possible for this study. 


Another method to determine the contribution of 
particulate matter to the nutrient content of throughfall is 
to determine the relative behaviour of the nutrient ions 
with respect to the forest canopy (Attiwill 1966). Tables 23 
and 24 show the ratios of concentrations (in meg/l) of the 
ions in rain, and in aspen and jack pine throughfall. The 
increase of an icn (calcium) relative to the cther ions is 
expressed as a ratio: 


Increase in Catt concentration due tc forest canopy 
Increase= Sega al eR ES 


ee oe a er ee ee ee ee eee. 


Increases in K+, Mg++, Nat or SO4=-S concentrations 
due tc forest canopy. 


where the increase in concentration of each ion is 
calculated as: 
V1c1 
c2 - -— 
V2 


where C1 is the ionic concentrations in volume V1 of 


Cainwater at the open flot, and C2 is the concentration in 
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volume V2 under the canopy. The calculation of the increase 
in concentrations from incident rain to throughfall 
therefore allows for the lower volume of throughfall 


compared to incident rain. 


The ratio of the ions was chosen to be relative to 
Calcium because it was the predominant cation in the 
incident precipitation. It is not important that it is not 
inert with respect to the canopy since what is of interest 
is the behaviour of the ions relative to one another and 


with respect to the canopy at each site. 


Clearly the canopy has altered the chemical composition 
of the rainwater with a decrease in the ionic ratios (except 
Ca/Na). The negative relative increase in sodium with 
respect to calcium for aspen and on some occasions exposed 
pine confirms the earlier suggestion that sodium in the rain 
is being absorked by the tree crown (see also Appendix 
10.3). Best and Monk (1975) also showed that throughfall 
sodium in a hardwood forest and an eastern white pine forest 
was iess than the sodium in the incident rain. The negative 
value for the increase of Ca/SO4= fer control aspen on 
September 9 (Table 23) and exposed aspen on September 8 
{Table 24) indicates that throughfall SO4=-S was less than 
incident rain SO4=-S. However the total of throughfall and 
stemflow S04=-S exceeded the rain SO4=-S content (Appendix 
10.3). The negative value for exposed aspen on July 15 


(Table 24) may have resulted from an analytical error 
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causing an overestimation of the amount of SO4=-S in the 


incident rain. 


Since the open rain collectors were left uncovered 
between collection periods it would be expected that they 
would receive deposits of aerosols as would the trees. if 
the chemical compositicn of aerosols removed by washout in 
the incident rain was the same as those impacting on the 
tree canopies and there was no interaction between the tree 
canopy and the aerosols to change the aerosol chemical 
composition, then it would be expected that the ionic ratios 
in incident rain and throughfall would be about the same. 
That is, no element would become enriched relative to the 
others. Moreover, the ratio of ions under the canopy of jack 
pine and aspen would be similar if only scluble particulates 
were being resoved from the trees. The observed itncrease in 
the concentration of ions relative to calcium as rain passes 
through the canopy suggests that the ions are being removed 
from the leaves by leaching or there has been an exchange 
between the aerosol elements and elements in the leaf with 
subsequent removal by rain. For example, the average calcium 
: potassium ratio decreased from 8.16 in the open to 1.55 
under the aspen canopy at the control site (table 23). The 
cause of this lower ratio was the greater amount of 
potassium than calcium which was removed from the tree 


crowns by leaching. 


By referring to the increase in the ratios with respect 
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to the canopy the order of removal of the nutrients from the 
canopy can be determined. For example for fine throughfali 


at the control site the ratio: 


De a ee Se OS es a SO ee SS ee Se ee Se eo Oe 


increase in K concentration due to forest canopy 
and therefore calciun is more readily leached than 
potassium. For the exposed site the same ratic is less than 
one suggesting potassium is more readily leached than 
calcium. By calculating the various combinations of ratios 
one is able to determine the relative removal of the various 
hutrients at each site (Appendix 10.6). For control and 
exposed aspen this order was: 

K > Ca > SOU=-S > Mg > Na 
For control pine the order was: 

Ca > K > SO4=-S > Mg > Na 
while for exposed pine the order became: 

K > Ca > SO4=-S > Mg > Na 
At the exposed pine site the Ca/SO4=-S ratio was at times 
greater than one and at other times less than one (Table 
24). This may ke because of a fluctuating deposition of 
sulphur from the emission source due to changing wind 


patterns. 


Several researchers (Eaton et al. 1972, Henderson e¢ 


ict 
jm 
te 


- 1977) have used the ratio of the net amount of each 
element removed from the forest canopy to the standing crop 
of each elemert to indicate the relative leachability of 


different nutrient elements, HoweveL, this has the 
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disadvantage of a changing standing crop of each element 
threughout the growing season (Guha and Mitchell 1966) and 
the poor relationship between the amount of each element 


leached and its concentrations in the leaf. 


Sow waoweee = 


Mecklenburg et al. (1966) suggested that the mechanism 

of cation loss by leaching 1s: 

1) by exchange of cations on the cuticle and cell wail 
exchange sites (-OH and -COOH groups of cellulose, 
hemicellulose, phospholipid and polyuronide 
molecules) with hydrogen ions from the leaching 
soiutions; 

2) by diffusion of ions from the translocation stream 
within the foiiage into the leaching solution; or 


3) a combination of both exchange and diffusion. 


The process of cation exchange appears to be in part 
responsible fcr the leaching of cations from trembling 
aspen. For both sites, hydrogen ions were removed as rain 
passed through the canopy and there waS an accompanied 
increase in the cation content of the rain (Table 25). For 
the control site hydrogen ions made up 38% of the total 
cations in the incident rain and only 20% of the total 
cations in the throughfall. A greater change was seen at the 


exposed site where hydrogen icns comprised 44% of the total 
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cations in incident rain and only 8% of the total cations of 
in throughfall. There was a greater amount of cations in the 
throughfall and stemflow of the exposed aspen than the 


control aspen even though the volume of water was much less. 


For centrol pine there was an increase in the amount of 
hydrogen ions from rain to throughfall associated with the 
increase in cations. The percentage of hydrogen ions to the 
total cations decreased, however, from rain to throughfali 
{fable 25). This is opposite to the situation for aspen 
where an increase in the pH of rain to throughfall was 
observed. This does not necessarily contradict the 
hypothesis of cation exchange, however, as the additional 
acid in jack pine throughfall may be due to the presence of 
organic acids. A large number of organic acids have been 
shown to be leached from various plants (Morgan and Tukey 
1964). At the exposed jack pine site there was an increase 
in the amount of acid in throughfall with an increase in the 
hydrogen ions as a percentage of the total cations. There 
was also a marked increase in the amcunt of suiphur 
deposited in throughfali at the exposed site in comparison 
to the control site even though the throughfall voiume was 


less at the exposed site. 


This section concerns the results of principal 
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component analyses of the throughfall and stemflow data. The 
rationale for such analyses iS given in Section 3.4 and 


details of the procedure are given in Appendix 10.4. 


6.21.4.1 Aspen throughfall. Principal component analysis of 
the data showed that for both the control site and the 
exposed site three factors determined most of the variance 
in the data (Figure 6). For the control site, factor one 
(F1) is highly correlated with Nat, Cat+, Mg++ and SoO4=-S 
concentrations. Factor two (F2) is negatively correlated 
With H+ but positively correlated with K+ and factor three 
(F3) is correlated with the volume and titratable acidity. I 


will call F1 the "leaching factor", F2 the “acidity factor" 


and F3 the "volume factor", 


For the exposed site the leaching factor and volume 
factor appear to be combined while the acidity factor is 
correlated with both Ca++ and K+. Factor three at the 
ex fosed site is related to both Cat+t and SO4=-S. 


concentrations. 


In terms of the hypothesis of cation exchange, factor 
one at the control site is due to the normal leaching of 
Nat, Catt, Mg++ and SO4=-S. Factor two is related to the 
natural pH of aspen throughfall. This pH is derived from an 
exchange of hydrogen ions in the canopy as frain passes 
through the canopy. Since Kt is the ion in greatest 


concentration in the throughfall (the most readily leached) 
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Figure 6 Simplified Path diagrams showing the relationship between the principal components 
and variables for Aspen (Populus tremu/oides Michx.) throughfall at a control site and 


a site exposed to sulphur dioxide. 
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it would have been replaced most frequently by hydrogen ions 
in the rain. At the control site the K+ concentration is 
positively correlated with F2 while H+ is negatively 

correlated with F2 (Figure 6) and K+t is negatively 
correlated with Ht (Appendix 10.4). Therefore K+ is 
inversely related to Ht as was reasoned above. Factor three 
is considered a volume factor Bracedthe titratable acidity 
is a measure of total acidity and is more directly related 
to volume than to pH which is a logarithmic function of acid 
concentration. For the exposed site the "leaching factor" 
and "volume factor" appear to be combined. The volume and 
titratable acidity variables are negatively correlated with 
Fi whereas Nat, Kt and Mg++ concentrations are positively 
correlated with F1. This factor could, therefore, represent 
the volume dependent leaching factor. Factor two is 
correlated with both calcium and potassium concentrations 
and negatively correlated with Ht concentrations. At the 
exposed aspen site there was an increase in the pH and 
increase in the concentration of potassium and calcium 
(Table 21). Since H+ is negatively correlated with both Catt 
and Kt concentrations it would appear that the greater 
leaching of K+ and Ca++ at the exposed site was responsible 


for the greater pH of the throughfall. 


Wood and Bormann (1975) found a greater increase in the 
leaching of calcium and potassium (particularly calcium) 
from sugar maple leaves exposed to increasing acidity of an 


artificial acid mist in a laboratcry experiment. They also 
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observed an increase in pH from mist to leachate although 


this increase was not statistically significant. 


Factor three at the exposed site is related to both 
calcium and sulphate (Figure 6). Sulphate is negatively 
correlated to factor three whereas calcium is positively 
correlated. This third grouping of variables suggests that a 
second factor is influencing the sulphate sulphur content of 
throughfall at the exposed site. This factcr is correlated 
to the SO4=-S content of the trembling aspen throughfaill. 
Although the increase in SO4=-S concentration in aspen 
throughfall at the exposed site was small (Table 21), on 
several occasicns there were significantly greater SO4=-S 


concentrations at the exposed site (Table 22). 


6.1.4.2 Pine throughfall. Principal component analysis of 
the jack pine throughfall data produced three main factors 
which explain the variance in the data for the control site 


while for the exposed site only two factors appear to be 


involved (Figure 7). 


For the control site, factor one is highly correlated 
with Nat, Kt, Catt, Mgt# and SO4=-S concentrations. This 
represents the normal leaching of nutrients from the pine 
canopy and can be iabeiled the "leaching factor." Factor two 
is correlated with the hydrogen ion concentration. Jack pine 
throughfall is naturally acidic, in this case having a mean 


pH of 5.09 during the summer months. This is probably due to 
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Figure 7. Simplified Path diagrams showing the relationship between the principal components 
and variables for Pine (Pinus banksiana Lamb.) throughfall at a control site and a site 


exposed to sulphur dioxide. 
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the presence of organic acids and hence factor two can be 


regarded as the “natural acidity factor." 


For exposed pine throughfall, factor one is positively 
correlated with the Nat, Kt, Cat and Mgt+, and S0O4=-S 
concentrations and is positively correlated with hydrogen 
ion concentration. This is consistent with the observation 
that at the exposed site, increased concentrations of 
nutrients (K+, Catt, Mg++) were accompanied by a depression 


in pH (Table 21). 


The order of removai of nutrients in the tree crown 
was: 

Catt > Kt > SO4=-S > Mott > Nat 
for the control site, and for the exposed site was: 

K+ > Catt > SO4=-S > Mgtt > Nat 
Therefore along with the general increase in the net removal 
of Kt, Catt and SO4=-S at the exposed site there has been an 
increase in the leaching of K+ relative to the other 


nutrients. 


6.124.3 Aspe 
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Stemflow. Principal component analysis grouped 
aspen stemflow in a similar fashion to aspen throughfall 
(Figure 8). At the control site factor one is correlated 
with the cations and sulphate sulphur concentrations and 
negatively correlated with volume. This perhaps represents 
normal leaching of nutrients. Factor two is correlated with 


the hydrogen icn concentration and represents the pH factor. 
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Figure 8 Simplified Path diagrams showing the relationship between 
the principal components and variables for Aspen (Popu/us 
tremuloides Michx.) stemflow at a control site and a site 
exposed to sulphur dioxide. 
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Aspen stemfliow is naturally basic but factor two is not 
correlated with any of the basic cations. Perhaps this 
basicity is due to basic compounds for which analysis was 
not done. Factor three is related to the stem diameter and 
volume. The close relationship between these two factors was 
noted in Section 4.1.3 where a curvilinear relationship 
between basai area (which is a function cof DBH squared) to 


stenflow voiume was shown. 


At the exposed site, factor one was related to Kt, 
Ca++, Mg++ and SO4=-S concentrations as for the control 
Site. Factor two was a volume factor as for the control 
Site, but, in this case sodium was also negatively 
correlated with this factor. Sodium was the only nutrient 
that did not increase significantly in the exposed site 
stemfiow (see Tables 21, 22). Since Nat was not leached fron 
the canopy, the nutrient content of the stemflow probably 
reflects the Nat content of the incident rain. The mean 
concentration of Nat in the stemflcw was very similar to the 
concentration of Na+ in the incident rain at both sites 
(Table 20). The concentration of Nat would, therefore, be 
expected to be strengly correlated to the stemflow volume. 
The pH cf exposed aspen stemflow was a separate factor as 


noted for the control site. 


6212.4.4 Pine Stemflow. Principal component analysis of jack 
pine stemflow data grouped the variables in much the same 


way as jack pine throughfall (Figure 9). This indicates that 
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Simplified Path diagrams showing the relationship between 
the principal components and variables for Pine (P/nus 
banksiana Lamb.) stemflow at a control site and a site exposed 
to sulphur dioxide. 
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Changes in jack pine stemflow chemistry reflect changes in 
throughfall chemistry which was also indicated by comparing 


the element concentrations given in Table 21. 


Factor one at the control site is related to Nat, Kt, 
Ca++ and SO4= concentrations and represents removal of these 
nutrients from jack pine bark. Factor two is related to the 
stemflow volume while factor three is the acidity factor. 
Jack pine stemflow is quite acidic with a mean pH at the 


control site of 4.58 (Table 21). 


At the exposed site Nat, Kt, Mg++, Ht and to a lesser 
extent SO4=-S concentrations are positively correlated with 
factor one. Therefore, the factor correlated with the 
acidity of jack pine stemflow is also highly correlated with 
the concentrations of Nat, Kt, and Mg++. This is similar to 


the situaticn for jack pine throughfall (Figure 7). 


Factor two is negatively correlated with stemflow 
volume and positively correlated with Catt and So4= 
concentrations. The correlations between Catt and SO4= were 
also noted for aspen throughfali at the exposed site. This 
high correlation may he because both Catt and SoO4= 


concentrations are both correlated to stemflow volume. 


62 1. 5s 1 Trembling Aspen. The deposition of So04=-S in 


trembling aspen throughfall and stemfiow compared to 
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deposition in the incident rain is given in Table 26. At 
both the contrcl site and the exposed site the amount of 
sulphur deposited in throughfall and stemflow was higher 
than that deposited in incident rain. fhe amount deposited 
in both the incident rain and the throughfall and stemflow 
was greater at the site exposed to sulphur dioxide than at 
the control site. The deposition expressed as kg/ha/mo was 
calculated from the deposition in kg/ha at each sample 
period by weighting each value by the number of days in the 
month divided by the number of days over which the sample 
was coliected. This method assumes that the precipitation 
over the sample period represents the mean precipitation/day 
over the month. This may not be tne case particularly where 
only one sample per month was obtained. This method does 
allcw comparison with cther forms of sulphur deposition, 


howeveLr. 


There was a marked increase in the per cent of the 
total suiphate sulphur deposited in net precipitation as 
stemflow at the exposed site. The per cent of incident 
rainfall returned to the forest floor as stemfiow was 
Similar for both aspen plots (Tables 4 and 5) and the total 
volume as stenmflow was the same at both sites when expressed 
in mm. The difference in the per cent of the total sulphate 
sulphur deposited must therefore reflect the influence of 
atmospheric sulphur on aspen trees at the exposed site. When 
the amount of sulphate sulphur deposited in incident rain, 


throughfall, and stemflow at each site is weighted by the 
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volumes of each particular fraction at each site, a direct 
comparison between sites is possible. Such a calculation 
reveais that the amount of sulphate sulphur removed from the 
tree canopy (throughfall + stemflow - incident rain) at the 
exposed site was 0.97 kg/ha and 0.66 kg/ha at the control 
Site. This increase is small in absolute terms but 
represents an increase of 47% at the exposed site and is 
approximately the same amount as the increase in total 
amcunts of sulphur dioxide received by the exposed site 
(Table 20). The values for incident rain and net frainfail 
(throughfall + stemflow) were 0.34 kg/ha and 1.00 kg/ha for 
the controi site and 0.88 kgyha and 1.85 kg/ha for the 


exposed site respectively. 


6.12.5.2 Jack pine. The deposition of sulphate sulphur in 
jack pine throughfall followed the same trend as for 
trembling aspen. At both sites there was a greater 
deposition of sulphur in throughfall and stemflow than in 
the incident rain (Table 27). The total amount of sulphate 
sulphur deposited in throughfall and stemflow (weighted by 
throughfail volumes) was 1.7 kg/ha for the control site and 
2.9 kg/ha for the exposed site. The corresponding values for 
the amounts removed from the canopy were 1.5 kg/ha and 2.00 
kg/ha for the centrol site and exposed site respectively. 
These values indicate that more sulphur was deposited under 
jack pine than the amounts deposited under aspen even though 


the aspen plots were more highly stocked (Table 1). 
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As for aspen, the per cent of the totai sulphate 
sulphur deposited in jack pine stemflow was higher for the 
exposed site. This is despite the larger volume of stemflow 
(expressed as a per cent of incident rainfall - see Tables 7 
and 8) and larger number of stems/ha (Table 1) at the 


control site. 


6.1.6 Effect of Sulphur Dioxide on Jack Pine Stemflow 


Jack pine stemflow sampied during June and July 1977 
WaS progressively less acidic and contained lower levels of 
sulphate sulphur with increasing distance from the emission 
source (fable 28). The low concentrations of SO4=-S at the 
Muskeg Mountain site (exposed) would be due, in part, to the 
higher stemflow volume and similarly the higher SO4=-S 
concentration at Algar (control) could be due to the low 
stemflow volumes recorded. When these concentration values 
were converted to sulphate sulphur deposition as kg/ha/mo 
they were multiplied by the respective stemflcw volumes and 
the number of stems/fhae These values show the general 
decrease with increasing distance from the emission source. 
This is coincident with a decrease in the average S02 
concentration in the air at each site as determined by the 


totai sulphation discs. 


The differences in pH, titratable acidity, sulphate 


sulphur and tctal sulphation were significant ({p < 0.05) 
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between sites (Table 29 and Appendix 10.5). The trends ia 
stemflow acidity and sulphate sulphur content are 
illustrated in Figure 10. This Figure includes data from a 
remote site at Canwood, Saskatchewan. Near the emission 
source (Steepbank 2 and Muskeg Mountain) the pH of jack pine 
stemflow is iow compared to remote sites (Algar, May and 
Canwood). The sulphate sulphur content of jack pine stemflow 


at the former sites is high as compared to the latter sites. 


it is interesting to note that the sulphate sulphur 
content and acidity of jack pine stemflow are highly 
correlated at sites close to the emission source but they 
are not ccrrelated at the remote sites (Table 30). The 
acidity values used for this comparison were calculated from 
the pH values. These acidity values correspend to free acid 
in the stemflow. A high correlation does not indicate a 
causal relationship but this high correlation at sites close 
to the emission source and low correlation at the control 
sites suggests that the emission source is responsible for 
both the increased acidity and sulphate sulphur content of 


the stemflow at the exposed site. 


fo further confirm the field findings, some bark 
Samples from jack pine, trembling aspen and black spruce 


were exposed to sulphur dioxide in a controlled atmosphere 
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Figure 10. The variation in sulphate sulphur and acidity of jack pine (P. banksiana Lamb.) 
stemflow with increasing distance from a sulphur dioxide emission source. 
Sulphate sulphur was calculated on the basis of a stand density of 1000 stems/ha. 
Total sulphation was determined from PbO 9 sulphation discs with an exposure 
period of two weeks. 
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experiment. 


The results (Table 31) show that jack pine bark 
leachate was more acid and contained higher amounts of SO4=- 
S after exposure to sulphur dioxide. The pH of jack pine 
bark leachate decreased from about 5.5 to 4.8, a change of 
O.7 pH units. This decrease in pH was associated with a 
large increase in the SO4=-S concentraticn. For the jack 
pine bark samples from Algar the hydrogen ion concentration 
(as calculated from the pH values) increased by 279% while 
the sSO4=-S concentration increased by 405% upon exposure to 
SO2. Spruce bark showed a Similar trend but the changes were 


less dramatic. 


The reduction in pH of the aspen bark leachate is 
contrary to the field results where aspen stemflow increased 
in pH at the site exposed to sulphur dioxide (Table 21). 
However, the increased suiphate sulphur concentration of the 
exposed bark leachate is consistent with the increased SO4=- 
S concentration cf aspen stemflow at the exposed site (Table 
21). The difference in the laboratory findings with respect 
to pH may be because aspen stemfiow consists of rain water 
which has passed over the foliage and then runs down the 
branches and down the stem. The smooth bark of aspen and the 
acutely angled kranches cause a channelling of water down 
the tree trunk. This leaf ieachate could alter the 


composition cf any bark leachate. Thomas (1969) sampled 


stemflow on dcgwood trees which had been tagged with ‘*%Ca 
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Table 31. The pH and sulphate sulphur content of washings 
from bark samples exposed to SO2 in a controlled 
environment chamber! for seven days. 


ee ee re A A TS 


Sample pH change S04=-S2 Area 
(ppm) (cm?) 

Exposed Aspen 5.53 dias 56.3 
Control Aspen Dewan) Oe Cece 56.3 
Exposed Spruce i otio 1.43 Sb. 
Control Spruce SoD by OL 0.30 56.3 
Exposed Pine (May) 3 4.387 0.56 (0. 70) 30.0 
Control Pine (May) 9204 (0577 Cee oy Pate’ 
Exposed Pine({Algar)3 4.81 156g (0.03) 25600 
Control Pine (Algar) 5.49)0°-0268 0.37 56.3 
1 average SO2 concentration = 0.1 ppm 
average relative humidity = 80% 
average air temperature = 22°C 


2 S04=-S concentration weighted according to bark sample 
area with control bark sample area considered equal to one. 
Actual concentration value is given in brackets. 

3 Site where bark was sampled 
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and found that after leaf abscission, stemflow contained 
*S5Ca at much lewer concentrations than when trees supported 
foliage, indicating that direct leaching frcm the bark did 
not contribute as much to the chemical composition of the 
stenfilow as did leaching of the leaves. However the 
laboratory experiments here, indicate that a substantial 
amount of tke stemflow SO4=-S content would be derived from 
bark washings. The depression in the pH of bark leachate of 
all three species is consistent with the resuits of 
Grodzinska (1976) who found that bark increased in acidity 


in areas exposed to sulphur dioxide. 


6-2 DISCUSSION 


The results indicate that larger quantities of the 
Cations Kt, Cat+ and Mg++ were being removed from the 
canopies of trembling aspen and jack pine at the site 
exposed to sulphur dioxide pollution. Consideration of the 
ionic ratios above the canopy and beneath the canopy 
suggests that this increase in cations was largely the 
result of foliar leaching. There was no increase in the 
leaching of Nat at the exposed site. This is consistent with 
the observations cf Wood and Bormann (1975) who found an 
acidified artificial mist increased the leaching of K+, Catt 
and Mg+ from sugar maple seedlings but appeared to have a 
depressing effect on the loss of Nat. Abrahamsen et al. 
(1976) found that when European studies were compared a 


pattern emerged. The sodium values in throughfali reflected 
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the distance from the coast whereas the pattern of increased 
potassium, magnesium, caicium and particularly suiphate 
sulphur corresponded with a parallel increase in the air 


poilution. 


The hypothesis of cation exchange would seem to 
explain, in part, the increased leaching of cations from 
aspen at the exposed site and the increased pH of the 
throughfall and stemflow. Hydrogen ions in the precipitation 
could be exchanged with cations on exchange sites on the 
cell walls and cuticle, resulting in increased pH fron 
incident precipitation to throughfall and stemflow. Such a 
mechanism could be responsible for an increase in the 
leaching of cations from jack pine but would be inconsistent 
with the depressicn in pH observed for jack pine throughfall 
and stemflow at the exposed site. This depression in the pH 
of jack pine throughfalil was associated with increased 
deposition cf SO4=-S at the exposed site. The hydrogen 
concentraticn of jack pine throughfall was highiy correiated 
with SO4=-S concentrations (r2=0.86) at the exposed site and 
pocrly correlated with SoO4=-S concentrations (r2=0.12) at 
‘the control site (Tables 48 and 49). A similar effect was 
observed for jack pine stemflow. This suggests that the acid 
responsible for the increased leaching cf cations at the 


exposed site is sulphuric acid. 


As far as could be ascertained from the fortnightly 


samples, incident rain at the exposed site was not more 
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acidic than rain at the control site. Therefore, acid rain 
at the exposed site cannot account for the deposition of 
Suiphuric acid. There are two possible explanations for this 
additional deposition of acid under jack pine at the exposed 
site as compared to the control site, Firstly, the 
additional acid at the exposed site may have arisen from the 
deposition of acid aerosols on the leaf surfaces. Sulphur 
aerosois in the oil sands area are predominantly of sub- 
micron size (Barrie 1978). Jack pine trees have a greater 
surface area than trembling aspen and a greater surface 
roughness. They would be expected to be more efficient at 
trapping these particulates on their needle surfaces. Hence, 
greater amounts of suiphate sulphur would be expected to be 
washed off jack pine needies than aspen ieaves in a 
subsequent rain storm. This is consistent with the 
Observations that greater amounts of sulphate sulphur were 
deposited in jack pine throughfall and stemnflow than in 
aspen throughfali and stemflow at the exposed site. It is 
interesting tc note that principal component analysis 
isolated the sulphate sulphur concentrations and calcian 
concerntrations in exposed aspen throughfali as an 
independant grouping of variables, This grouping may 
represent the additional leaching of calcium at the exposed 
site due tec the deposition of acid particulates and 
subseguent cation exchange in the canopy. This explanation 
is aiso consistent with the fact that sulphate was 


positiveiy correlated with the factor (F3) whereas calciun 
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Was negatively correlated. Fly ash from coal combustion has 
been shown to contribute significantly to the amounts of 
soluble suiphates in throughfail (Shriner and Henderson 
1978). McColl and Bush (1978) attributed the sulphate 
sulphur in thoughfall to removai of particulates from leaf 


surfaces rather than to leaf leaching. 


Trees may absorb S02 directly from the air (Materna and 
Kohout 1963) and elevated levels of suiphate have been found 
in tree leaves in areas exposed to sulphur dicxide emissions 
(Legge et al. 1976, Baker 1977). Some of this additional 
sulphur may be translocated from the leaves to other plant 
parts including the roots (Jensen and Kozlowski 1975). 
Garland and Branson (1977) found that a large portion of the 
absorbed sulphur could be removed if the plants were washed 
soon after exposure but little sulphur was accessible after 
a déelay of some "tens of minutes", These results suggest 
that leaching from the leaves may not account for the 
additionai sulphate sulphur deposited under aspen and jack 


pine canopies at the exposed site. 


The second possible explanation for the increased acid 
depositicn under jack pine, is that significant quantities 
of SO2 may be deposited in water intercepted by the forest 
canopy (Garland and Branson 1977). Here dissolved SO2 may be 
oxidized to sulphate. Absorption of sulphur dioxide could 
also conceivably cccur when the forest canopy was wetted by 


dew. The interception storage capacity for jack pine at the 
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exposed site was about 5 ma, while for trembling aspen at 
the exposed site about 1 mm (Section 4.1.2). The amount of 
water retained would decrease during the drying period 
because of evaporation but the difference between the two 
species would remain. This mechanism of uptake of SO2 on wet 
surfaces could, therefore, explain the difference in the 
deposition of sulphate sulphur between the two species. Tie 
acid resulting from the oxidation of the absorbed $02 could 
also facilitate exchange of hydrogen ions with cations on 
the leaf exchange sites. As stated earlier, this exchange 
needs only the leaf surface to be wet to occur. The leached 
cations could be deposited on the ieaf surface when thre 
water dries off and they couid then be removed by a 
subseguent rain shower. As the water on the leaves 
evaporates, the acid couid become more concentrated 
facilitating greater exchange. This acid could also cause 
increased weathering of the leaf cuticle and hence greater 
leaching cf plant nutrients. Shriner (1976) observed that 
acidified artificial rain of pH 3.2 caused a marked erosion 
of the epicuticular waxes of Quercus phellos and Phascolus 


vulgaris. 


The depression in pH for jack pine throughfall at the 
exposed site may be due to this deposition of SO2 on the wet 
needles and subseguent oxidation to sulphuric acid. Dead 
wood, however, may retain measurable amounts of sulphur and 
it has been suggested that increased acidities in 


throughfall can be attributed to this material (Maimer 
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1974). Increased leaching of organic acids from jack pine 
needles and branches could also be in part responsible for 
the reduction in pH of jack pine throughfall. Leaching of 
organic acids from jack pine bark could not, however, 
explain the dramatic depression in cH of jack pine stemflow 
at the exposed site. Reduction in pH was’ shown to be 
strongly ccrrelated with sulpaate sulphur. The additional 
sulphur may have arisen from the uptake cf S02 by water 
intercepted by the bark surface. Jack piné bark is very 
rough and platy and would possess a large surface afea in 
relation to the basal area. This would explain why greater 
amounts of SO4=-S were deposited in jack pine stemftow than 
aspen stemflow at the exposed site when the values were 


adjusted for differing stand densities. 


Prior to exposing the bark samples to sulphur dioxide 
in the controlled atmosphere experiment they were washed 
with distilled water. Although they were air dried for 
several hours before exposure some moisture may have peen 
retained by the samples. Suiphur dioxide could then have 
been taken up in this water and given rise to the acid bark 
leachates observed. Garland and Branson (1977) found that 
scots pine bark absorbed negligible amounts of sulphur 
dioxide and jack pine, black spruce, and trembling aspen 


bark may behave the same when thoroughly dry. 


in unpolluted regions carbonic acid derived from 


atmospheric C02 has been shown to be the primary source of 
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hydrogen icns in precipitation. These couid be not expected 
to produce a fH of less than 5.7 (Barret and Brodin 1955). 
Below a pH of 5.0 carbonic acid has no effect on measured pH 
(Galloway et al. 1976). Bicarbonate would, therefore, he a 
major aniork in aspen throughfall and stemflow at both the 
control and exposed sites, where the pH >>560. 
Unfortunately, bicarbonate was not tested for in any of the 
samples so the relative contribution of strong acid (H2S04) 
and carbonic acid to the leaching of nutrients at the 
exposed site, could not be determined directly. The 
difference in leaching between the ccntrcel site and the 
exposed site could, however, be attributed to the addition 
of strong acid, ie€. bicarbonate was assumed to be the same 


at both sites. 


The pH of jack pine throughfall at the control site was 
about 5.0 and was always less than the pH of incident rain. 
This additional free acid was, therefore, not derrived from 
carbonic acid but from other weak organic acids which had 
presumably been leached from the tree crown. The low pH of 
jack pine stemflow at the control site indicates that 
stenflow alsc contains rather large concentrations o£ 
organic acids. Most plants take up more cations than anions. 
The excess of basic cations is electrically balanced by 
organic anions formed in the plant (Reuss 1976). According 
to Reuss, during the breakdown of these basic esters of 
organic acids (Ceo Ge RCOOMg) organic matter may be 


hydrolyzed. The bases are removed and leached as 
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bicarbonates and the remaining dead plant material is acidic 
due to the presence of the organic acids, If the pH is 
lowered to the pcint where bicarbonates no longer exist (pH 
< 5) then the bases can only leach in conjunction with 
anions such as SO4= or by chelation with certain organic 
complexes. This process could be occurring in the jack pine 
canopy where old needles remain on the tree fcr a number of 
years. The cuticle on the needies may become cracked with 
age (Zamierowski and McCloskey 71975) permitting organic 
acids to be washed out by rain, giving rise to the natural 


acidity of jack pine throughfali. 


Epiphytic lichens growing on the branches and trunk of 
jack pine may aiso have an influence on the acidity of 
stemflow and throughfall. Lang et al. {1976) found that 
lichens released Catt, Mg++ and H+ when submerged in water. 
Increased acidity of the water tended to increase the 
release of Catt and Mgt+. They hypothesized that the lost 
nutrients were replaced through absorption from bark via 
lichen rhizoids or absorption under conditions of mist and 
light rain. These resuits are consistent with the 
Observation that jack pine stemflow was acid and contained 


high concentrations of cations. 


sikaae-20: “basen ie? asin 


pe ‘ansabad or abun’ mete esd. Bey yotbioe 


; BAY. xe “808, : 


wine, aon ons at! padsau0: stro, ae 
to aedada: ff 08 aeiat sidt) ok | a 2 
dete Oy tent. snoned tan solbese 942 a0) “ting oa 
aia padsetwaes. 2teF .qoseokot bam a to bw ed) | 
Linby er ond of waka emp abst ed 40 bodmaw sl ot oe 

_ wba agvonss omg agat Se yotetos he | : 
rs eta x 


i blir 8 


Lo. Avs bas aneenieel iy ao pnizvoxe ‘sundae 
+6 va Bb ios eds ro soneu lant a6. oval 
oa SAGO): gery At er) nad. +i e2dpoosds bina 
waezan! ke papisedus new Sanittcn pees  t+0D boseoted - 
took ty pal borsnndsoarl: oer. othQh can adie Sot sai 
tian Fak. 40 ea ota 40 20¢ma sstoatas nt 


wy tie tn eretenee (eT entness wr ats if 
~ saunas a ioe wae mfaaom ni saan Lsav 


139 


7. GENERAL DISCUSSION 


The stability of forest ecosystems is dynamic in nature 
and depends to a large degree on the cycling of nutrients. 
The results presented above strongly suggest that 
atmospheric sulphur dioxide is causing an increased leaching 
of certain nutrients from the tree crowns cf two forest 
ecosystems in the oil sands area. This effect is occurring 
in an area where the concentration of sulphur dioxide in the 
air is iower than where acute damage and visible symptoms 


OCCULe 


Since forest ecosystems are complicated structures the 
possible effects of such a disturbance on ecosystem 
processes are difficult to determine, Figure 11 represents a 
hypothetical model of some of the possible effects. 
According tc these results, the processes in trembling aspen 
ecosystems will be affected quite differently from those of 


jack pine ecosystems. 


In the trembling aspen ecosystem, throughfail and 
stemflow inceased in pH at the site exposed to sulphur 
dioxide. The acidity of rain also decreased as it passed 
through the canopy of trembling aspen. This removal of 
hydrogen ions by exchange in the canopy could lessen the 
potential inpact of acid precipitation on soils under aspen 
stands in the cil sands area. The additional leached 
nutrients from the tree crowns could increase the amount of 


hutrients in the available nutrient pocl in the soil. This 
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Amount of Acid 
Deposited on 


? Tree Crowns me 
7 a m 
Nutrient Pool Nutrient Pool 
in Trembling in Jack Pine 
Aspen Trees Trees (Tree 
(Tree Size) Size) 
Nutrients Leached 
from Tree Crowns 
Plant Uptake Plant Uptake 


Available Nutrient 


Pool in Soil 


Leaching Loss 


Figure 11 Simple model illustrating the relationship between atmospheric 
sulphur emissions and macroelement flux in two forest ecosystems. 
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could result in increased plant uptake of nutrients. 
Mecklenburg and Tukey (1964) found that the rate of root 
uptake and translocation of *5Ca to bean stems and foliage 
Was greater per gram dry weight in plants which were leached 
than in plants which were not leached. This was true whether 
the leached plants grew at a rate which is faster than, 
Slower than, or the same as plants which were not leached. 
The additional leaching of nutrients from tree crowns may 
represent a positive effect if increased plant uptake is a 
consequence. The cycling of nutrients in these boreal forest 
ecosystems is slow because of the slow rate of litter 
decompositicn. Increased uptake of nutrients could lead to 
increased growth. Young vigorously grcwing tissues 
accumuiate calciun from exchange sites, thus reducing the 
amount of exchangeable caicium available for leaching 
(Mecklenburg et al. 1966). This would suggest that increased 
growth would result in decreased leaching of nutrients from 
the tree crown. Increased growth could also change the 
temporal distribution of leaching, since ali the leaves 
become senescent at the end of the growing season a greater 
amount of leaching could occur in the fall. In addition, 
increased growth could increase the leaf surface area and 
hence increase the deposition of acid. Since foliar leaching 
competes with celiular metabolisn and vice-versa 
(Mecklenburg et al. 1966) excessive leaching after long 


periods of rainfall may reduce plant growth. 


Jack pine throughfall and stemflow increased in acidity 
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at the site exposed to sulphur dioxide. Effects of the 
increased acidity on scil processes would be extremely 
complex. Overrein (1972) found in lysimeter experiments that 
leaching of calcium in several different soil types 
increased drastically when the acidity of precipitation 
increased. Leaching of nutrients from soil by acid 
precipitation is reduced to some extent, however, by the 
presence of neutral salts in precipitation (Wiklander 1975}. 
Field studies on forest ecosystems in southern Sweden have 
shown that acid canopy drip gives rise to an increase in the 
degree of leaching of caicium from the soil (Nihligard 1971). 
Jack pine commonly grows on coarse acidic soils ({Pawluk and 
Arneman 1961). These soils are poorly buffered against acid 
and would be susceptible to leaching of bases by increased 
deposition of acid. Such a process of soil acidification 
could be cccurring in the oil sands area at sites close to 


the emission source. 


The processes discussed above illustrate the complexity 
of the systems involved. The processes may change over time 
leading to a restoration of stability to the system or they 
may accelerate leaching leading to the eventual decline of 
the tree species. It can be seen that sulphur deposition has 
marked differences on processes in jack pine and trembling 
aspen ecosystems. Further research is needed into the 
effects of sulphur emissions on nutrient cycling, before any 


definitive conclusicns on ecosystem response can be made. 
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8. CONCLUSIONS 


This study was initiated to determine the relative 
amounts of nutrients returned to the soil by throughfalil, 
stemflow and Jlitterfall of trembling aspen, jack pine and 
black spruce in northern Alberta. The amounts of nutrients 
recycled from trees to soil by these pathways were also 
determined. The influence of atmospheric sulphur emissions 
from an oil sands extraction plant on nutrient return in 
throughfall and stemflow was also investigated. The 
objective was to determine the differences, if any, of the 
affect of sulphur emissions on nutrient return in the three 
ecosystems studied. This information has particular 
relevance in the Athabasca 0il Sands area where two oil 
sands extraction plants are currently operating and a third 


is in the planning stages. 


Nutrient return in throughfall and stemflow is coupled 
with the hydrologic cycle. The nature of this study, 
therefore, necessitated determination of the distribution of 
rainfali under tae three tree species investigated. fhe 
amount of net precipitation (expressed as a percentage of 
incident rain) reaching the forest floor under trembling 
aspen, jack pine and black soruce was 91%, 85% and 76% 
respectively. Througheall averaged about 84-85% of incident 
precipitation for both trembling aspen and jack pine and 
about 76% for black spruce. The amount of throughfali per 


sample period was highly correlated with the amount of 
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precipitation per sample period. The throughfall regression 
equation developed for trembling aspen (T=-0.687 + 0.8772, 
cr2=0.999) was in good agreement with that developed for 
hardwood stands elsewhere in North America. The eguation 
developed in this study could be used to estimate 
throughfall in similar trembling aspen stands elsewhere in 
Alberta. The amount of stemflcw was greatest in trembling 
aspen at about 7-8% of incident precipitation. Stemflow in 
jack pine amounted to about 0.2-0.4% and for black spruce 
less than 0.1%. In general, stemflow per stem per sample 
period increased with increasing amounts of precipitation 


and stem size, the former having the greatest effect. 


The relative heterogeneity of throughfall and stemflow 
volumes from the three species was investigated by 
determining the number of gauges required to obtaina 
standard error of the mean eqtal to ten per cent of the 
mean. The number of throughfali gauges used in this study 
(20) was only sufficient to satisfy this requirement for 
trembling aspen. Stemflow was extremely variable and lower 
precision had to be accepted-in estimates of this parameter. 
In general, variability in throughfall and stenflow 
decreased with increasing amounts of precipitation for ail 


species. 


The relative amounts of nutrients added to the forest 
floor in throughfall, stemflow, and litterfall over the 


summer period {May to October) were determined for trembiing 
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aspen, jack pine, and black spruce. The order cf return of 
hutrients (Ca>Mg>K>Na) was the same for all three species. 
In general, litterfall was the most important source of 
Magnesium and calcium for all three species. Significant 
amounts of calcium and magnesium were present in jack pine 
throughfali. About 25 per cent of the magnesium added to the 
forest floor in black spruce was in tnroudhea iis The 
majority of sodium added to the soil was in tJlitterfail in 
the aspen eccsystem. The aspen canopy absorbed sodium froa 
incident rain, resulting in low amounts in throughfall and 
stemflow. Almost all the sodium reaching the forest floor in 
jack pine and black spruce was via throughfall, and this was 
largely derived from incident precipitation. The amount of 
nutrients in throughfall was highly correlated with the 
amcunt of precipitation. No seasonal trends in the chemical 
components of throughfall were observed. Throughfall was the 
most important transfer mechanism for potassium in all three 
species. Throughfall supplied about 70% of the potassium to 
the ground in jack pine, more than double that supplied by 
litterfall. The concentration of nutrients was higher in 
_stemflow than in throughfall. When expressed on an 
eguivalent area basis, stemflow was relatively unimportant 
in the additicn of nutrients to the forest floor in 
comparison to throughfall and litterfall. Stemflow takes on 
greater significance, however, when the amounts of nutrients 
deposited are calculated on the basis of its direct zone of 


influence. 
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AS cain passed through the canopy of trembling aspen it 
became enriched with cations and decreased in acidity. The 
process of cation exchange appears to be in part responsible 
for the leaching of cations from trembling aspen where 
apparently hydrogen ions from the rain replaced cations on 
exchange sites of aspen leaves amd released cations to 
stemflow and throughfall. Rain increased in acidity as it 
passed through the canopy of jack pine. This was most likely 


due to the leaching of organic acids from tree crowns. 


Significantly greater amounts of potassium, calcium and 
Magnesium were removed from the canopies of jack pine and 
trembling aspen at a site close to a sulphur dioxide 
emission source as compared to trees at a more remote site. 
For biack spruce only the calciun concentration ia 
throughfall was higher at the exposed site. The greater size 
of the trees at the exposed site compared to the control 
Site probably obscured any other differences from becoming 
evident for black spruce. The amount of sodium removed fron 
the canopy at the exposed site was not greater than at the 
control site for any of the three species. The larger 
quantities of the cations deposited under jack pine and 
trembling aspen at the exposed site were most likely due to 
a higher rate of leaching from the canopy. Such a process 
competes directly with celilular metabolism (Mecklenberg et 
al. 19665). Consequently the increased leaching at the 


exposed site could lead to reduced tree growth. However, 
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increased leaching of cations could lead to accelerated 
intrasystem nutrient cycling and this may have a positive 
effect in these boreal forest ecosystems where nutrient 
turnover is slow. Further research is needed into this 
effect before any definitive conclusions on ecosystem 


response can be made. 


The amounts of sulphate sulphur deposited under jack 
pine and trembling aspen were greater at the site located 
nearest the emission source. There was also a greater 
deposition of free acid under jack pine at the site exposed 
to sulphur dioxide compared to the control site. The pH of 
throughfall averaged 0.3 pH units lower at the exposed site 
and stemfiow averaged 0.7 pH units less than corresponding 
control site values. The free acid concentrations of jack 
pine stemflow and throughfail were highly correlated with 
the sulphate sulphur concentrations at the site close to the 
emission source. No such correlation was evident at the site 
remote from the emission source. In addition, the sulphate 
sulphur content and acidity of jack pine stemflow was shown 
to decrease with increasing distance from the emission 
source. These results suggest that sulphur emissions are 
causing increased deposition cf sulphuric acid beneath jack 
pine trees downwind from the emission source. Jack pine 
commonly grows in coarse acidic soils in the Oil Sands area. 
These soils are low in base content and are poorly buffered 
against acid. The increased deposition of acid under jack 


pine in areas close to the emission source could lead to the 
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leaching of bases from these soils and increased soil 
acidity. These soils need to be monitored to determine if 
such a process cf soil acidification is occurring in the 0il 


Sands area. 


In general, sulphur emissions are altering the rates of 
hutrient return in throughfall and stemflow of jack pine and 
trembling aspen stands in the oil sands area. Further 
research is needed into the influence of sulphur dioxide on 
throughfall and stemflow chemistry. In particular the 
mechanism by which sulphur dioxide causes increased leaching 
of nutrients from tree leaves needs to be investigated. 
Research is also needed to determine the magnitude and 
nature of Changes in soil properties which may be induced by 
a change in the chemistry of net precipitation under jack 


pine and trembling aspen stands in the oil sands area. 
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10. APPENDIX 


10.1 SOIL PROFILE DESCRIPTIONS 


Profile descripticns of the soils at each experimental plot 
of the nutrient cycling study 1976. A single soii pit was 
dug at each plot. Soil descriptions are according to the 


Canadian System of Soil Classification. 
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Soil profile description - control aspen plot. 


Orthic grey luvisci on sandy clay loam till. 


Der ae eee are ane ee ee ee ee ee ae ee ee ee 


Depth Description 
(cm) 

10-0 Brownish black (10 ¥R 2/2 dad), organic mat 
of decomposed aspen leaves, shrubs and 
mosses 

0-3 Light gray (7.5 YR 8/2 4d), sandy loan; 
granular to very weak fine platy; 
friable; moderate, wavy boundary; 2-5 cm 
thick; pH 5.1 

3-30 Light yelicw ocrange (10 YR 8/4 d), clay 
loam; moderate fine subangular blocky; 
friable; gradual, wavy boundary; pH 4.9 

30+ Dull yellow orange (10 YR 6/4 d), sandy 


BC 


Table 33. 


clay loan; massive; friable; sand 
pockets; pH 5.0 
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Soil profile description - exposed aspen plot. 


Orthic grey luvisol on sandy clay loam till. 


Horizon 


Depth 
(cm) 
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AB 


Bt 


BC 


10-22 


Brownish klack (7.5 YR 2/2 d), crganic 
Mat cf decomposed aspen leaves, mosses 
and shrubs 

Light grey (10 YR 8/2 d), loam; very 
weak, very fine platy; friable; moderate, 
wavy boundary; 7-12 cm thick; some 
stones; pH 5.1 

Duii yellow orange (10 YR 7/4 d), sandy 
clay loam; weak fine prismatic breaking 
intc moderate fine subangular blocky; 
friable; some stones; pH 5.1 

Dull yellow orange (10 YR 7/3 d), sandy 
clay loam; weak fine prismatic; firm; 
some stones; pH 5.1 

Dull yellow orange (10 YR 7/3 d), sandy 
clay loam; weak very fine blocky; firn; 
large pockets sand; pH 4.9 
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34. Soil profile description - control jack pine plot. 


Eluviated eutric brunisol developed in glaciofluvial sand. 


oS ee eee ee eS eo ce ee ee cr ee eS ED a a oe ee ae ee ae 


Taboie 


Description 


Brownish black (7.5 YR 3/1 d), organic 
mat of coniferous needles and decomposed 
lichens; pH 5.5 

Light grey (5 YR 8/1 4d), sand; single 
grain; very loose; abrupt wavy boundary; 
pH 4.3 

Orange (7.5 YR 6/8 4d), sand; single 
grain; weakly cemented; pH 5.6 

Orange (10 YR 7/6 d), sand; single grain; 
loose; pH 6.0 

Dull yellow orange (10 YR 7/4 d), sand; 
Single grain; lcose; pH 6.2 
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35. Scil profile description - exposed jack pine plot. 


Gleyed grey iluviscl developed in glacial till. 
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Horizon Depth 


(cm) 


Description 
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Btgj 


Cg 


22-50 


50+ 


Dark reddish brown (5 YR 3/2 qd) organic 
mat of pine needles and decomposed 
lichens and mosses 

Light gray (10 YR 8/1 d) silty loam; very 
weak, very fine platy; friable; pH 5.1 
Light yellow orange {10 YR 8/4 dad), loan; 
medium coarse, weak subangular blocky 
breaking into very weak, very fine 
granular; friable some stones; pH 5.4 
Dull yellow orange (10 YR 7/4 da), sandy 


clay loan; few, mediun, distinct 
yellowish brown (10 YR 5/6 m) mottles; 
medium, moderate subangular blocky 


breaking into fine subangular blocky; 
friable; some stones; pH 5.1 

Duli yellow orange {10 YR 6/4 d) sandy 
clay; common medium; distinct orange (7.5 
YR 6/8 m) mottles; fine moderate 
prismatic breaking into medium moderate 
subangular blocky; friable; some stones; 
pH 5.1 
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Table 36. Soii profile description - control spruce plot. 


Rego glysol developed in glaciai till. 


Horizon 


Depth 


(cm) 


ee eee eee 


stones; pH 4.8 


oss oe ee ae ee eee 


Description 


mie aaa ee ae ae ae eae 


Brownish biack (7.5 YR 3/2 d) organic 
layer of underccmposed pert derrived from 
Sphagnum and feather mosses; pH 3.$ 

Dull yellcw orange (10 YR 7/3) sandy 
loam; massive; very hard; very firm; some 


Table 37. Soil profile description - exposed spruce plot. 


Gleyed grey luvisol developed in glacial till. 


owes ace ee nee ee es mE ED SD SS EE GD SES 


LFH 


Ae 


AB 


Btgj 


Cg 


45t 


aes ce > eae ee a ea ee ee oe ee ce ee en ee ee ee ee ee oe ee 


Dark brown (7.5 YR 3/3 dad) organic layer 
of partiaily decomposed coniferous 
needles and sphagnum and feather mosses 
Bight grey (10 YR S/T d)p,. loam; very 
weak, very fine platy; very friable; 
gradual, wavy discontinuous boundary; 2.5 
to 8.0 cm thick; pH 4.9 

Dull yellow orange (10 YR 7/3 4d) sandy 
clay loam; medium, mcderate, subangular 
blocky; friable; some stones; pH 6.1 

Dull yellow orange (10 YR 6/4 d) = sandy 
clay loam; common, medium, distinct brown 
(10 YR 4/76 om) mottles; fine subangular 
blocky; some stones; pH 6.5 

Duil yellow orange (10 YR 6/3 qd) = sandy 
clay loan; common, medium, distinct 
yellow brown (10 YR 5/6 d) mottie; weak 
very fine subangular blocky; some stones; 
pH 8.3 
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10.2 CHARACTERISTICS OF REPRESENTATIVE SOIL SAMPLES 


Physical and chemical analyses of representative soil 


samples from the experimental plots of the nutrient cycling 


study 1976. 


Table 38. Physical 
from the nutrient cycling study picts. 


—— 


Plot 


Control 


Exposed 


Control 


Exposed 


Control 


Exposed 


Aspen 


Aspen 


Pine 


Pine 


Spruc 


Spruc 


Horizon Sand 
(4%) 
LFH 
Ae 63.8 
Bt 21.8 
BC 48.8 
LFH 
Ae 37.8 
AB 51.6 
Bt 56.8 
BC 47.8 
LFH 
Ae 90.1 
Bn 90.9 
BC 93.4 
C 93.9 
LFH 
Ae 29.8 
SiL 
AB 45.8 
Btgj 47.8 
Cg 47.8 
e O 
Cg 76.8 
e LFH 
Ae 34.8 
AB 5628 
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of representative soil samples 


Silt 
(%) 


Clay Texture Buik Density 


(%) 


MNNnNMM 


(gm/cms) 


0.12 
0.52 
ns Be 
to 


O-12 
1.12 
1.26 
1.41 
13.9 


0.36 
0.97 
1259 
1.257 
1.54 
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Table 39. Chemical analysis of representative soil samples from the 
nutrient cycling study plots. 


a eT ee en 


Plot Horizon Cations? PH So4=-S2 Electrical 
——— conductivity3 
Nat Kea: Cart Mg++ 
(ppm) (ppm) (ppa@) (ppg) (Ppa) (amhos/ca) 
Ce a 
Control Aspen LFH 24.4 
Ae Re dalle oesO Oso hl) 5208 PAE! 0.05 
Bt S083) OL7e 6.01) 0293) 4.87 2<5 0.03 
BC F208 le Sousa L0so37, {4.99 0.1 03102 
Exposed Aspen LFH 20.0 
Ae Oe 83.00s oe) 4s 91) 06:79 | 15.05. 92—:9 0.06 
AB OnSt 2 Osa 205) Meo1) eSeihe 1.4 0.03 
Bt 0557 70.39) 3.34, +0. 61, 14.8¢ 1.4 0.03 
BC 120720551 43.657" 0. 76>. 4589 1.4 0.03 
Control Pine LFH 10.0 
Ae Oba) UsS2u tee, Ost) best 0.0 0202 
Bn O.1560 Oe GS ilwbe! -Os3s0) 5.62 1.8 0.01 
Bc Os 29 0151s nietlse aUedo saGe Us 0.5 OO) 
C OS3G7 ORIG ote2s TOS 1as 65.19 0.0 0.01 
Exposed Pine LFA 15.6 
Ae Oo69, Uasoueteno9 0-48 5.07 15 0.02 
AB OP S65 Os eS pres o8) 1106.99)) b5a39 0.8 0.03 
Btgj OST Osc iledon UeS9 1 o6Oy 0.9 0.02 
Cg 12/0610. 58 Zeit) 0633.) Sekt 0.7 0502 
Control Spruce O 3 21610 
Cg 1277) 20.40). 2254, 0043. 8.82 0.1 0.03 
Exposed Spruce LFH 43.2 
Ae 12.107) OvGer end) te 60 4.88 420 Olen 
AB OeSkemOeS0e Se0s) asst 6a .0e en On 
Btgj Ve Se Ueto wahoo 0) 2 Geo Abs 0.1 


1 Cations were determined from the saturated paste extract. 
Values are expressed as ug/g soil. 

2 Soluble SO4=-S was determined from 0.01 N CaCl2 extracts. 
Values are expressed as ug/g soil. 

3 Flectrical conductivity nzeasured at 25°C. 
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10.3 ACIDITY AND NUTRIENT CONTENT OF RAIN, AND OF 
THROUGHFALL AND STEMFLOW FOR TREMBLING ASPEN, JACK PINE AND 


BLACK SPRUCE. 


The quantities of nutrients (kg/ha) in each 
precipitation type were caiculated by multiplying the 
concentration values in mg/l by the volume of each raintype 
in lyha. Throughfali data are means of twenty replicates and 


stemfiow data are means of ten replicates. 
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10.4 PRINCIPAL COMPONENT ANALYSIS 


The results of principal component analyses of jack 
pine and trembling aspen throughfall data are shown in the 
following tables. This procedure was perfcrmed in order to 
determine whether there were differences in the factors 
associated with the leaching of cations from the tree crowns 
at the control site Ag compared to the site exposed to 
sulphur dioxide. Such a distinction would allow hypotheses 
to be proposed regarding the mechanisms causing increased 


leaching of nutrients at the exposed site. 


fhe process of factor analysis or principal component 


analysis involved three stepst: 
1. Preparation of the correlation matrix; 


2e Extraction of the initial factors--the exploration 


of possible data reduction; and 


3. Rotation to a terminal solution--the search for 


Simple and interpretable factors. 
The first step in factor analysis involves the 


t The foliowing discussion is largely taken from the 
Statistical Package for the Social Sciences (SPSS) Manuai 
(Nie et al. 1975). The reader is directed to that 
publication for further details on the process of principal 
component analysis. 


aN doit to soaytene i oO tl 
eae a avons ous ‘sie tts , 
| ean . 
o3 efs0 oh boos ew Bie 
smpton: old Why ata 


atworo pet? alt pond ela ‘a ol. 

of baeogrs atte ) ods oF _bexagnon on. 99) 

aamesrogy i woke " blwow sodsoars re b done 

betaszouk pabetad sentandiee eid ® art | 2 ‘ ponies ae oF ia 
voake, aaa) odd a atuakatoa 30 aie) 


‘* 
+ a0 an gAnh , tiquantag, 10 aieysani satent “ ed ae 


“t ace ane bevtovas ae - 
pabyten woizsieites ad7, 10 noLse35q639 af a 


a 
ii 


iaLteioLexe ait +3303 962 gokere ad? “to nobgoezxi so ; _ 
aie ©) 
“pt 


his gaottoubes stab er to : 
oe 7 


aes 


i 


aoe 


re 
my, 


179 


calculation of appropriate measures of association (in this 
case correlation ccefficients) for a set of relevant 
variables. The variables used for this analysis were Ht, 
Nat, Kt, Catt, Mg++ and SO4=-S concentraticns, titratable 


acidity and pH. 


The second step constructs a set cf new variables on 
the basis of the interrelations exhibited in the data. The 
hew Variables are defined as exact mathematical 
transformations of the original data--this is known as 
prancipal ccomfonent analysis. The factors are extracted in 
such a way that one factor is independent from the other 
ise. they are orthogonal to each other. In this process no 
particular asumption about the underlying structure of the 
Variables is required. This procedure determines the 
particular ccmbination of variables which account for more 
of the variance in the data as a whole than any other linear 
combinaticn of variables. The first principal component, 
therefore, may be viewed as the single best summary of 
linear relationships exhibited in the data. The second 
component is defined as the second best linear combination 
of variables, under the condition that the second component 
is orthogonal tc the first. Subsequent components are 
defined similarly until ali the variance in the data is 


exhausted. 


The factors produced by this process may or may not 


give a more meaningful pattern of variables. By a process of 
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rotating the factors it is possible to simplify the factor 
matrix. This process is presented in the follcwing tables as 
the varimax rotated factor matrix. The coefficients in the 
takle represent bcth regression weights and correlation 
coefficients. The numbers in a given row represent 
regression coefficients of factors to describe a given 
variable. For exampie, in the first table, the most 
important determinant of H+ concentration is Factor 2, and 
the influence of the other factors is negligible. In 
addition, the importance of a given factor for a _ given 
Variable can be expressed exactly in terms cof the variance 


in the variable that can be accounted for by the factor. 


In this case the variance of H+ concentration accounted 


for by the variance in Factor 2 is given by: 


variance = (-0.87)2 = 0.76 


That is 76 per cent of the total variance of Ht 


concentraticn is acccunted for by Factor 2. 


In this manner it is possible to reduce the data to a 
smaller set of factors or components. It is then up to the 
author to interpret the factor pattern and the cause of any 


underlying pattern of relationships. 
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Table 46. Control aspen throughfall-principal component analysis. 


cm 


Variables Mean Standard Deviation Number cf Cases 
H+ 0.00 0.00 43 
Volume (ml) 1712.44 1362.18 43 
Na+ 0.10 0.03 43 
K+ To422 0.64 43 
Catt 0.94 0.39 43 
Mg++ Opals) 0.08 43 
pa 6227 0.43 93 
Titratable acidity (TA) 0.95 NeyOl2 43 
SC4=-S 0. 36 0.25 43 
Correlation Coefficients 

H+ Volume Nat K+ Catr+ Ngt+ pH TA SO4=-S 
H+ 1.00 0.09 SAB) SOS 0) SNA oS 7) 0.83 DS 2 0 = 20 
Volune 0.09 1.00 SO6SY SOBA | OBS SUS 2, 0.24 0-910), =0..43 
Na+ S573) 20538 1.00 0.07 0.52 0.59 0s 27), 20633 0.59 
K+ SHO... SOR VZ 0.07 1.00 es shi 0.43 OS — SOS ast 0. 13 
Ca++ -0.41 -0.46 Or Dz 0.31 1.00 Ones 0-44 —0.39 0.74 
Mgt+ SO 5 U7  SWa28) 0209 0.43 0.93 1.00 WAS) 05 AS 0.69 
pu Qo 8s). Maat 0.27 0.76 0.44 Ob SS: to 00% =0637 0.19 
TA= DS5Ah  SO590 eS 5h oil Fie 06 S988 Oe tomge 0. 37 UW) Sia als' 
SC4=-S -0.20 -0.43 0.59 Oe hs 0.74 0.69 05 19), 2-0. 35 1.00 
Varinax Rotated Factor Matrix! 

Factor Facton 2 Pactvors3 

Variance %2 48.7 2062 14.7 
H+ S05 2H) S10)5 eh 0.02 
Volune -0.27 -0.03 0.94 
Nat 0.75 0.04 =e 19 
K+ 0.07 0.87 —0.05 
Ca++ eras 0.30 =Q)52 1 
Mg++ 0.86 0.41 =0.0'3 
PH O% ie 0.92 —-0.19 
TA= 105 es S06 1% 0.95 
SC4=-S Omron, 0.01 -0.21 
1 The numbers in a given row represent the regression coefficients of 
factors to describe a given variable. The per cent of the variance in 
the variable that can be accounted for by the factor is equal to _ the 
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Table 47. Exposed aspen throughfall-principal component analysis. 


Variables Mean 
H+ 0.00 
Volume (ml) 1434.34 
Nat Oe 
K+ 1.41 
Catt 2-24 
Mg++ 0. 22 
PH 6.60 
Titratable acidity (TA) 0.53 
Sc4=-S 0.42 
Correlation Coefficients 

H+ Volume Nat Kt 
H+ 1300 Vi O5 24 0.02 -0.39 
Volume -0.23 1.00 0 CC OaZ8 
Nat =0202 7 =-0.68 1.00 0.36 
Kt Wess) aa O=3'6 1.00 
Cat+ S195 ZY 0.45 0) 5 24 0.20 
Mgt+ OS 276 o=—0 6.59 Oe 1 0.71 
pH -0.91 O32 -0.06 OSS) 
TA= 0.14 0.43 -0.44 -0.40 
SsC4=—S" —-0.27 —0.224 0.10 0.14 


Variance %2 


Factores 


36.8 
-0.06 
= 
0.81 
0.69 
WG Ue 
0.84 
0.12 
APS Uo) 
0.16 


Rotated Factor Matrix! 


Pactot 2 


28.1 
-0.87 
0.46 
Og 244) 
0.51 
0.60 
0.27 
0.94 
-0.16 
0.22 


Standard Deviation 


0.00 
1090.83 
0.04 
0.67 
2.14 
0.09 
0.32 
0.42 
0.25 


Ca++ Mgt+ 
-0.29 
0.45 
-0.24 
0.20 
1.00 
0.01 
0.36 
0.04 
=0)51 019 


=O ence) 
= 0.59 
0.51 
0.71 
0.0 
1.00 
0.33 
-0.54 
0.41 


Factor 3 


lite 
0.23 
0.27 
-0.03 
0.14 
0.49 
= eae 
Ws Ws) 
0.12 
-0.86 


PH 


-0.91 
0.32 
-0.06 
0.51 
0. 36 
0.33 
1.00 
-Q.29 
0.24 


TA 


Number of Cases 


ny aa ee ee i ee 


1 The coefficients in this table re 


correlation 
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Table 48. Control pine throughfall-principal component analysis. 


enn Enn ENE REESE SEEEEspeenenanenmenneeeetenmmmmnnend 


Variables Mean Standard Deviation Number of Cases 
gt at a A a Rah A eS icity AR i A a i i NN a 
H+ 0.00 0.00 47 
Volume (nl) NSO WS: 1427.61 47 
Na+ 0.18 0.07 47 
K+ Geasee Qeo2 47 
Ca++ heron) WAS AN), 
Mg++ Bley HZ 0.24 a7 
pH Se On23 47 
Titratable acidity (TA) PA SMOVe 1.76 47 
Ssc4u=-S 0.70 0.58 47 
Correlation Coefficients 

H+ Volume Nat K+ Catt Mg++ PH TA SO4=-S 
pet te yt a i ere Oe ee ee ee 
H+ 1.00 -0.47 0.07 0.20 0.30 0.17 -0.96 <-0.17 (Oy ISS 
Volume -0.47 10,0 OAP7) “SOQS2S) SOS) SOAS 0.47 0.84 -0.34 
Nat 0.07 0.27 1.00 0.66 0.74 0.84 -0.09 0.50 0.70 
K+ OBA Sq Be 0.66 1.00 wars! 0.69 -0.298 0.00 0.79 
Cat+ (OP 10 nk Oe ies 0.74 O56 7/3" 1.00 0.92 -0.33 0.20 0.94 
Mg++ V5 57 SORO)2 0.84 0.69 0.92 VEO! SOR 0.34 0.91 
PH -0.96 0.47 = 09) =O. 24, )-0233, —052) 1.00 Oy eley Oeste! 
TA= SH WY 0.384 0.50 0.00 Or 20 0.34 Cons 1.00 -0.04 


Scys-5 “Oss: /-0e36 0.70 0.79 0.98 0.91 -0.39 0.08 1.00 


a 


Varimax Rotated Factor Matrix! 


Factoc 1 Factor 2 Factor 3 
et SR TE ae a le ee ee 
Variance %2 50.0 PES 4 13.6 
Je lee Qenlz 0.97 = Oe NS 
Volume ~0.15 -0.34 0.92 
Nat 0.84 0.01 0.42 
K+ 0. 86 0.05 -0.19 
Cat+ Bley Shs 720) 0.03 
Mg++ 0.94 0.09 Oh Ke} 
pH -0.17 0.97 Ceara 
TA= (hes: its! 0.04 0.96 
SO¥=-S 0.94 Oa22 10)5 ile! 


1 The coefficients in this table represent both regression weights and 
correlation coefficients. The numbers in a given fCcow represent 
regression coefficients of factors to describe a given variable. In 
addition, the percent of the variance in the variable that can be 
accounted for by the factor is equal to the square of each value. 

2 per cent of total data variance (all variables) accounted for bya 
given factor. 
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Table 49. Exposed pine throughfall-principal component analysis. 


eer 


Variables Mean Standard Deviation Number of Cases 
Ht 0.00 0.00 . 46 
Volume (nl) 1306.20 1254.52 46 
Nat 0.23 0529 46 
K+ 2-03 AG He 46 
Catt Aes YS} WG AS 46 
Mg++ 0.91 hy Ae 46 
pi 4. 83 0.40 46 
Titratable acidity (TA) 3.11 1.86 46 
SO4=-S Ase Ny 5235 46 
jit ee Us ie Bie ee pa ee eee 
Correlation Coefficients 

H+ Yolume Nat K+ Ca++ Mg++ pH TA SO4=-S 
hig 28 tk I ea AN ta A ca EI a a ee a Ps Eh a en 
H+ WOO sOaes 0.96 On g2 0.89 0.89 -0.81 0.34 0.93 
Volume -0.29 1.00 20232 0.39 0.29 9-02.20 0. 34 0.47 -0.24 
Na+ 0.96) 0532 1.0C Qaig> 02995 0.96 -0.67 0.21 0.98 
K+ Uno =0539 0.95 1.00 0.91 0-92 -0.68 5 0598 
Catt =0.89 =0.25 0.95 0.91 1.00 0.99 -0.50 Bas) 0.99 
Mg++ Qse89 O20 0.96 0.92 0.99 1200 —0.51 0.18 0.99 
pH -0.81 0.34 =0267 ~0.68 —-0.50 —-0.59 W510) S065 Ws a! 
TA= 0.34 0.47 0.21 Ooze Oa ig! Oo sh 0252 Yay, Ooal9 
S04=-S 0.93 =-0.24 0.98 0.93 0299 0.99 -0.58 0.19 1.00 


i 


Varimax Rotated Factor Matrix! 


Factor 71 ractor 2 

Variance %2 70.5 16.9 
H+ 0.98 0.06 
Volume -0.32 0.78 
Na+ 02.99 -0.06 
K+ es) 7) -0.08 
Catt O95 -0. 10 
Mgtt+ 0.96 =0.05 
PH =Oer25 OG 2S 
TA= 0.29 0.91 
So4=-S 0.97 -0.05 

te SE eae ole iN a a ee ee 
1 The coefficients in this table represent both regression weights and 
correlation coefficients. The numbers in a given row represent 
regression coefficients of factors to describe a given variable. In 


addition, the percent of the variance in the variable that can be 
accounted for by the factor is equal to the square of each value. 

2 Per cent of total data variance (all variables) accounted for by a 
given ractor. 
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Table 50. Control aspen stenflow - principal component analysis. 


a 


i 


Variables Mean Standard Deviation Number of Cases 
Pica UE ee pen Pee he 0S Ss ll ee a eee 
DEH 18.91 S03 50 
H+ 0.00 0.00 50 
Volume (ml) 15732-4090 8609.67 50 
Nat Q213 0.04 50 
K+ 2.69 0.85 50 
Ca++ 9.27 3.89 50 
Mgt+ 1.28 Oz 55 50 
pH Wasi 0.20 50 
Sc4y=-S 0.67 Geog 50 
Correlation Coefficients 

DBH H+ Volume Nat K+ Ca++ Mg++ pH SoO4=-S 
DEH 1.00 Oni 0. 44 =§.276 -0,.05 =O.30 20.208 20.30, =0.25 
H+ Onn 1.00 0.17 =9§.23 =-0.25 =0558 <=0.53 -=0.91. =0.44 
Volune 0.44 Conley, 1.00 =-§.22 =0.49 +=0.88% =0.88° =0.47 =0.75 
Nat -0.26 -0.23 -0.22 1.00 0.47 0.47 0.50 Oat 0235 
K+ -0.05 -0.25 -0.49 0.47 1.00 0.66 0.72 DE S52: 0.73 
Catt -0.37 -0-54 -0.54 0.47 0.66 1.00 0.96 0.65 OA 2: 
Mg++ -0.21 -0.53 -0.48 0.50 Ne VZ 0.96 1.00 0.62 (es 7a! 
pH =0./330) =0.91 -0517 Oozl 0231 0.65 Qeioe ea Oe. 0.48 


ener eer ee CE 


Varimax Rotated Factor Matrix! 


Factoc 1 rFactor 2 Factor 3 

Bi phd sense MN oe ERR ai Be ates ie ee ee ee en 
Variance %2 54.0 orn late) 

DEH -0.03 -0.23 0.91 

H+ -0.18 -0.93 Ocul 
Volune -0. 63 0.09 0.64 
Na+ Oso Cem'z -90.09 

K+ Cao 0.09 0.06 
Cat+ OF TAS 0.49 -0.23 
Mgtt+ 0.82 rr wi -0.07 

PH 0.24 0. 94 -0.11 
Sc4=-S 0.82 0.24 -0.28 


1 The coefficients in this table represent both regression weights and 
correlation coefficients. The numbers in a given row represent 
regression coefficients of factors to describe a given variable. In 
addition, the percent of the variance in the variable that can be 
accounted for by the factor is equal to the square of each value. 

2 per cent of total data variance (all variables) accounted for by a 
given factor. 
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Table Si. Exposed aspen stemflow - principal component analysis. 


Variables Mean Standard Deviation Number of Cases 
DEH 14.37 5.07 41 
H+ 0.00 0.00 41 
Volume (m1) 10443.90 7533.86 44 
Na+ 5 VE 0.09 41 
K+ 3. 86 1.08 41 
Catt 20.26 YaST) 4 
Mg++ 2252 Jo she, 4 J 
pH VA Oe Ors yy) 44 
SC4=-S Dai Oud 1.28 41 
Correlation Coefficients 

DBH H+ Volume Nat+ K+ Catt Mg++ pH SO4¥=-S 
DEH 1.00 0.25 03655-0219 Oe200 =Jacde —Gat's “O05 13% “0527 
H+ 0.25 1.00 05268 -Oni35 —0609% —O554e —0539) —-05874 -—0239 
Volume 0.65 0.26 1500m -Oe8 1h —Q0008 <0. 125 ~OnlSe -O5194 -O6.27 
Nat SIS) Sols Ws -0.41 1.00 Oran Oa25 Osu Si Os 07, Ose 
K+ YSZ  SPOSOL) -0.00 OopizZ 1.00 0.64 0.68 Qala Qi59 
Catt “0.20 -0.44 —=iont 2 0525 0.64 1.00 0.89 0.34 0.75 
Mgt+ = (0/5 te 0le3 9 ~05,15 OSSm O08 0. 89 1.00 0.30 0.72 
PH PSs” COS teh 2/ ~0.19 0.07 0.12 0.34 02130 1.00 0527 
SG4==Sn —OQs275 —0e39 OS 27) 6 SY 0.59 0575 Oa/2 Ose27; 1.00 
Varimax Rotated Factor Matrix! 

Factor PaGreome: Factor. 

se el ee Ne Ee ea sd Sa on eel ed SE ee 
Variance %2 42.7 20.6 lisia9 
DEH 0.06 0.81 -0.20 
H+ 05 Denti S0)5, 8) 
Volune -0.02 0.86 ~05 15 
Na+ Olas -0.63 = Orns 
K+ Ossie 0. 16 -0.05 
Catt 0.87 -0.13 0.28 
Mg++ 0.388 10) O7/ On AS 
PH 0.14 -0.04 0.94 
SC4=-S 0.82 SO Sieh 0.14 
aoe a a Seg ai ee ee 
1 The coefficients in this table represent both regression weights and 
correlation coefficients. The aoumbers in a given crow represent 
regression coefficients of factors to describe a given variable. In 


addition, the percent of the variance in the variable that can be 
accounted for by the factor is equal to the square of each value. 

2 Per cent of total data variance (all variables) accounted for by a 
given tactor. 
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Table 52. Control pine stemflow - princigfal analysis. 


eT 


Variables Mean Standard Deviation Number of Cases 
ee a a a no 6 LE SS 
Titratable acidity (TA) APs INE 34.57 43 
H+ : 0.00 0.00 43 
Volume (a1) 3732209 5697.93 43 
Na+ Qsoan 0.37 43 
K+ AA OP 1.24 43 
Ca++ Ost Veo Ad 43 
Mg++ 1.84 6s 43 
pH 4.81 0557 43 
SC4=-S Seyi. nalrot ay, 43 
ee a ne PI A SS 
Correlation Coefficients 

TA H+ Volume Nat+ K+ Ca+t Mg++ pH SO4=-S 
a I aS A ER 
TA 1.00 0.34 02004 (=0s01) 0209 1 = 02.10) 0-00.18 © =0..35.) —0..03 
H+ 0.34 1.00 Q5 VY Merah 0.33 0.18 Os) SOs 7S, Orereut 
Volume 0.87 O5.0z HOO —Oe8 =0.25 =-0623 <-06398 \>=0221 =0505 
Na+ -0.01 O53) -0.18 1.00 0.91 02971 Oo75) 0.25 0.90 
K+ -0.09 Ds 3}s' -0.25 0.91 1.00 0.83 VV SOogAS 0.81 
Catt -0.10 0.18 -0.23 0.97 Ons 1.00 VSS SOW Dl Si 7 
Mgt+ -0.18 Ono -0.34 OssiS 0.72 0.56 U5 Oe) Sos is 0.46 
PH SOo BS Tagy -0.34 aS Oth 0.56 1.00 Be wis 0.46 
Sc4u=-S -0.03 0.21 S10} INS) 0.90 0.81 0.97 0.46 -0. 18 1.00 
ne en ee ee Sa ee a ea ee ee 2 ee 
Varimax Rotated Factor Matrix! 

Factoren Factor 2 Pactor 3 

Da eS ee a EEE 
Variance %2 49.1 2 Owe 130 
TA -0.02 OQ 9 0.26 
H+ Os 7 Genin 0.92 
Volume -0.16 0.95 0.07 
Nat 0.96 -0.07 Qect 
K+ 0.89 -0. 16 0.26 
Cat+ 0.97 -0.07 -0.01 
Mg++ 0.61 -0.39 Ve Shs) 
pH -0.11 -0.19 -0.90 
SC4=-S -0. 96 0.04 0.03 


1 The coefficients in this table represent both regression weights and 


correlation coefficients. The numbers in a given tow represent 
regression coefficients of factors to describe a given variable. In 
addition, the percent of the variance in the variable that can be 


accounted for by the factor is equal to the square of each value. 
2 per cent of total data variance (all variables) accounted for by a 
given factor. 
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Table 53. Exposed pine stemflow - principal component analysis. 


Ce ee SS Ra EEE 


Variables Mean Standard Deviation Number of Cases 
SLES a Fe lt nln idee RTS SR SLD ea rE ie ee ee en cee ar 
Titratable Acidity (TA) SoZ Seas 2her 
H+ 0.00 0.00 S7 
Volume ({nl) 6170.67 8766.88 ci 
Nat Oen7i2 0.36 37 
Kt 9.24 Ves Gy) 37 
Ca++ 14.30 ieteezss 377 
Mg++ ihe WS 85 UE s\7 
pH 3 (3 0.20 37 
SC4=-S 2.08 N36 U2 ayy, 
Po sre ce aa gd aM ce Ne Bac ORE A ca le SS io 
Correlation Coefficients 

TA H+ Volume Nat+ K+ Catt Mg++ pH SO4=-S 
BIE Ras SAR Pa Ra re ce re tec ne ea 
TA To@e) SOK sly 0.71 ~0.48 =-0.84 -0.35 <-0.41 0.37 -0.4%6 
Ht -0.31 1.00 -0.64 0.70 0.71 0.23 Os 7 05 Sly OE 2a! 
Volune Baw sOaoes 1.00 -0.74 -0.748 -0.54 -0.61 Hays S574 
Nat -0.48 0.70 -0.74 1.00 0.78 Oeesis Oye) 04 788 Qa S 
K+ -0.44 Oval -0.74 0.78 1.00 0.47 0.68 -0.75 Oni73 
Ca++ -0.35 Do AS -0.54 O65 37 0.47 1.00 Qa key SM Gelss 0.69 
Mgt+ -0.41 OR 2 -0.61 Os Ys! 0.68 0.43 He Gel S@e zy Ono 
pii O37 O68 Oarse—-0.048 =O.75 630535) =057:1 e000 = 05 7a 


SC4u=-S -0.46 0.73 -0.71 Os73 0.73 0.69 Oe Si) pGs77 1.00 


i SS SE 


Varimax Rotated Factor Matrix! 


Factor 1 Factor 2 
i ee eee eee a eT 
Variance %2 67.2 ste 
TA -0.59 5 Ss} 
H+ 0.84 -0. 46 
Volume -0.87 0.24 
Na+ Ok ly 0.10 
Ke 0237 O05 
Ca++ Ne Ste -0.59 
Mg++ 0.86 Osni2 
pH -0.89 -0.34 
Sc4=-S OK S)7 -0.06 


ee EE ee 


1 The coefficients in this table represent both regression weights aad 
correlation coefficients. The numbers in a given cow represent 
regression coefficients of factors to describe a given variable. In 
addition, the percent of the variance in the variable that can be 
accounted for by the factor is equal to the square of each value. 

2 Per cent of total data variance (all variables) accounted for Dyanna 
given factor. 
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10.5 JACK PINE STEMFLOW EXPERIMENT - ANALYSIS OF VARIANCE 


The tables heiow present the results cf a one way 
analysis of variance of pH, titratable acidity and SO4=-5S 
concentraticns of jack pine stemflow; and of the total 
sulphation by site. Total sulphation was expressed as mg S03 
equivaient/100 cm? sulphation plate area/day. Data from this 


experiment are represented in Table 28 in the text. 
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Table 54. One way analysis of variance of the pH of jack 
pine stemflow by site. 


Source of Variaticn Sum of Squares df Mean Square F-Vaiue 


ee oe eee Se oe ee 


ea ee ce ae as oe eee oma 


Between Groups 520148 3 1,.671€ 607 16*** 


Within Groups 12.4451 50 0.2489 
Total 17.4598 53 


ES SED eS a cE ED EEE GEES ED ee 


***significant at p < 0.001 


Table 55. One way analysis of variance of the titratable 
acidity of jack pine stemflow by site 


Source of Variaticn Sum of Squares df Mean Square F-Value 


<r rc ee em em ee ere oe ee ee oe ce ee ea ee ee ce ees oe 


Between Groups 1. 8544 3 0.6181 Ze 903* 
Within Groups 10. 6456 50 0.2129 
Total 12.5001 53 


*Significant at p < 0.05 
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Table 56. One Way analysis of variance of the S0O4=-S 
concentrations of jack pine stemflow by site 


Source of Variation Sum of Squares df Mean Square F-Value 


a AS ED ESO SES EES SED SED 


Between Groups 226920292 3 756.3430 14,572%*** 


Within Groups 2595.1317 50 51.9026 
Total 4864.1602 53 


(Seem cot is es er ee eee <> ee ee ce ee es ee ee oe es a ee ee 


***xSignificant at p < 0.001 


Table 57. One way analysis of variance of total sulphation 
(mg SO3 equivalent/cm?2/day) by site 


Source of Variation Sum of Squares df Mean Square F-Value 


ce ee ee EE GS ES Co EES ED nD ee em ae ee ot ere ie ee ee 


Between Groups 0.0261 S 0.0087 27.204%*** 
Within Groups 016351 51 0.0003 


Total 0.0425 54 


***sSignificant at p < 0.001 
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10.6 COMPARISON OF THE RATIOS OF IONS IN RAINWATER AND 


TREMBLING ASPEN AND JACK PINE THROUGHFALL 


The ratios cf ions in rainwater and in throughfall were 
calculated for both species at both the contrel site and the 
exposed site. By combining the ratios of calcium to the 
other ions (fabies 23 and 24) and magnesium to the other 
ions (Tables 58 and 59) the relative removal cf the various 


nutrients at each site can be determined. 
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10.7 PHOTOGRAPHS OF THE SIX STUDY PLOTS USED IN THE NUTRIENT 


CYCLING STUDY, 1976 


oo as Y 
x Hey Ng 


ways ‘i | a: 


aan 


i 


196 


Note the throughfall 


Control trembling aspen plot. 


Plate 2. 


gauges and stemflow collection gauge. 
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Note the throughfall 


Exposed trembling aspen plot. 


gauges and cne of the litter traps. 


Plate 3. 
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Plate 5. 
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Plate 6. Control black spruce plot. 
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Plate 7. Exposed black spruce plot. Note the dense nature of 
the stand and the small size of the trees. 
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